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STUDY OF CRYOGENIC MODFET's

Report prepared by Lester F. Eastman

INTRODUCTION

When temperatures of operation of transistors are lowered, improved

performance results. This program concentrated on means of improving

heterojunction field effect transistors of the modulation doped variety, called

MODFET's. The reduced temperature of 77 K was chosen for convenience,

but 12-15 K was also tested in conjunction with a joint program with General

Electric. As a follow-on of this joint effort, G.E. supplied low noise MODFET's

to the Jet Propulsion Laboratory for the highly-successful probing of the

planet Neptune.

This report is broken down into sections covering the technical

background, MBE materials growth and characterization and MODFET

fabrication and testing.

TECHNICAL BACKGROUND

'Modulation-doped field effect transistors have a layered materials

structure with a smaller bandgap, undoped channel, adjacent to a larger

bandgap, doped barrier. Normally the barrier layer is on top. The most

common early MODFET consisted of doped A1,GaAs barriers on GaAs

undoped channels, all grown by MBE-on GaAs semi-insulating substrates. In

spite of major advances in room temperature low noise performance using

In,GaAs alloys, the simpler GaAs channel has been shown to be superior for

cryogenic low noise applications. An example1 is that short-gate, GaAs-

channel MODFET's operated at 15 K yielded 5.5 K noise temperature,



compared with the 20 K noise temperature in short-gate, strained

In.2 2 Ga. 7 8 As-channel MODFETs, on GaAs substrates, operated at the same

temperature.

What is required for low noise figure amplification at low temperature is

very high unity current-gain frequency, ft, and very low input resistance,

composed of the source resistance, Rs , plus the gate resistance, Rg.

The equation for noise figure for MODFET's is:

NF = (10) loglo (1 + 1/6 (f/ft)(gm(Rs = Rg)) 1/2 )

where f is the operating frequency, ft is the above-mentioned unity-current-

gain frequency, gm is the mutual transconductance, and Rs and Rg are as

mentioned above. Both ft and gm are directly dependent on the average

electron transit velocity. This velocity is - 1.5 x 107 cm/s at room temperature

for an undoped GaAs channel with a high Al,GaAs barrier, and is 2.5 x 107

cm/s at 77 K for the same structure. These data were determined from

SISFET performance with such structures. 2 Cooling the devices to 77 K, the

rise in this velocity will give only moderate improvement, since the second

term is proportional to (ve) 1 /2.

The key to getting the lowest noise figure is obtaining both low Rs and Rg

at low temperature, as well as a short gate and a high ve. The gate metal

resistance lowers in direct proportion to the temperature. Additionally, the

use of gates with mushroom cross section, initially developed at Cornell, and

used by GE, Hughes Research, and others, sharply reduces the gate resistance

by increasing the cross sectional area by a factor of about 6-8. Should it be

required, extra drive points to the gate, shortening individual gate fingers, is



of further benefit, since the gate resistance is equal to:

R9 = (Wgpe)/3n
2)

-vhcre Wg is the gate periphery in mm, Pe is the longitudinal gate resistivity,

in f2-mm (typically 120 Q-gm for .25 gm long mushroom gates at room

temperature), and nf is the number of fingers (2 for one gate drive point, 4 for

two gate drive points, and 6 for three gate drive points) etc.

As can be seen form the mathematical form of the noise figure, both Rs

and Rg must be reduced together to nearly the same magnitudes, in order to

optimize noise figure. Thus it is essential to have the lowest possible Rs .

Alloyed ohmic contacts yield .05 - .20 s2-mm contact resistancc to MODFET's,

and these values are nearly independent of temperature, since they are

determined by tunneling effects. Thus the key parameters are the channel

sheet resistance, and geometry, when the ultimate cryogenic noise figure is

required.

The channel sheet resistance is determined by the product of the two-

dimensional electron gas (2DEG) sheet density, and the low field mobility. It

is possible to get about .8 x 101 2 /cm 2 electrons in such 2DEG's in GaAs

channels and about 90,000 cm2 /V-s electron mobility at 77 K, with a thin (20-

40 A) spacer layer. The 300 K electron mobility is - 6,000 cm 2 /V-s. This

spacer layer is an undoped region of the A1,GaAs barrier layer adjacent to the

GaAs channel. If this spacer layer is raised to 150-200 A, the 77 K electron

mobility rises to - 210,000 cm2/V-s, but the electron sheet density is lowered

to 2-3 x 10 1 1 /cm 2 . With thick spacer layers, the electron mobility gradually

rises with lowered temperature, reaching over 1 x 106 cm 2 /V-s at a few OK.



Thus the normalized source resistance, for a GaAs channel and for a .5 Pm

spacing between source and gate, is lowered from .65 KI-mm to about .09 Q-

mm at 77 K. These yield 6.5 Q2 and .9 0 respectively for Rs , for 100 pm

periphery. The .25 prm mushroom gate resistance, for one gate drive point ( 2

fingers), and 100 gm periphery, is lowered from - 1.0 0 to - .25 Q. It is clear

that even more effort on the reduction of the source resistance would be

fruitful in lowering the noise figure, since Rs of .9 2 is still substantially

larger than the .25 K2 gate resistance, although the latter has some small

parasitic contribution from the drive line.

Other materials have been investigated in order to lower the channel

sheet resistance. One approach is the use of pseudomorphic (strained-layer)

InyGalyAs channels on GaAs substrates. This raises the potential barrier

height, allowing up to 2.4 x 1012 /cm 2 electron sheet density, for y = .25. The

electron mobility at room temperature has a minor reduction in value, but

this mobility at 77 K is reduced from the high value for GaAs channels, to -

20,000 cm 2 /Vs. Because of the tripled density of electrons in the 2DEG, the

room temperature sheet resistance is reduced. The source resistance can be

lowered below .5 2-mm, and .35 c2-mm has been obtained3 in the higILest

performance device with 25% Indium in the channel. For cryogenic

operation, however, these pseudomorphic devices have such a limited rise in

electron mobility, as discussed below, compared to GaAs channel devices, that

their low noise performance is worse than that for the GaAs channel devices.

Using lattice-matched In 5 3 Ga. 4 7 As channels on InP, the electron sheet

density is raised to over 3 x 101 2 /cm 2 , but the mobility is experimentally

limited to about 60,000 cm 2 /V-s at 77 K. The sheet resistance of the latter is

only .4 times that of GaAs channel MODFET's, 77 K and could eventually out



perfou, GaAs MODFET's. At extremely low temperature (- :5 K), alloy

scattering limits the mobility of the InyGal.yAs, with this scattering rate

dependent on [y(l-y)]. Thus the best channel for 15 K operation is a binary

compound semiconductor, rather than a ternary alloy.

MBE Grown A',GaAs/InyGal yAs/GaAs Materials

When AlxGal_xAs is grown with x > .23, any dopants are deep and cause

difficulties. Any carriers in the barrier layer freeze out and are trapped,

yielding a collapse of the I(V) characteristics at low voltage and cryogenic

temperatures. Even so, x values up to .30 can be used in doped barriers at

room temperature, although the lower values of x (< .23) are necessary at 77

K. At very low temperatures, light can be used to untrap the carriers, if

necessary, when x > .23 is used.

The use of GaAs channels was chosen for the initial part of t'is program,

and layers with and without a 1 .im AI,IGaAs buffer layers were grown and

processed into the devices. With 130 A GaAs quantum wells, low device

output conductance resulted, even with short gate devices, due to the

confinement of the carriers below the 2DEG, as well as above the 2DEG,

improving performance.

The device and layer structure used are shown schematically in Figure 1.

It shows the Al 3 Ga. 7 As buffer layer, the 130 A GaAs quantum well, the

undoped 85 A Al.3 Ga 7 As spacer layer, as well as the remaining doped top

layers. The structure was grown at 680°C by MBE. This structure yielded

120,000 cm 2 /V-s electron mobility at 77 K.

In order to achieve higher electron sheet density, with high electron

mobility at 77 K, pseudomorphic InyGal.yAs channels on GaAs substrates

were also grown, in hopes of improving performance. For comparison, GaAs
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Figure 1. Schematic diagram of QW MOOFET # 1250
(from L. Caznnitz thesis).



chiannels grown with 200 A spacers, yielded 95,000 - 210,000 cm 2 /V-s mobility

at 77 K, lepending on the condition of the MBE machine. Values of the

electron mobility rises even mu-h higher at much lower temperatures, for

the best samples, reaching values of - 1,000,000 cm 2 /V-s. The mobility is

95,00U cm 2 /V-s for (001) surfaces, and 115,000 cm 2 /V-s for 4' misorientation

toward (111)A, for 75 A spacer layers. The electron sheet density for this high

mobility was 8 x 1011/cm 2 . This yielded 802/0 2DEG sheet resistivity for the

(001) wafers, and 6502/0 for the misoriented substrate. When much larger

spacers (200 A) were used, the world-record mobility values of 210,000

cm2/V-s were achievable at 77 K. The electron sheet density, however, was

reduced to 3 x 101 1/cm 2 , yielding sheet resistance of 100 2/C at 77 K, which is

not optimum. This latter layer should per'orm best at 12 K, however, with -

20 2/[ sheet resistance.

The use of A1,GaAs and A1,GaAs/GaAs superlattices were also studied, for

improved output conductance and microwave performance. The best sheet

conductances at 77 K were obtained with 150 A quantum wells, and with 75

undoped Al.3 Ga. 7 As spacers between the 2DEG and the atomic-planar doped

portion of the barrier. Growth was best done at 620"C, and a superlattice of 15

A of GaAs and 200 A of Al.3Ga. 7 As yielded !he best 2DEG mobility with

confinement under the channel.

Using pseudomorphic InyGal-yAs channels, values of y = .15 and .25 were

optimized. The sheet resistivity of these 2DEG's in the pseudomorphic

InyGal.yAs channels, were worse than those in GaAs channels. At y = .15,

with 75 A spacer layer and atomic-planar-doping, the lowest sheet resistance

at 77 K was 111 £/C. For y = .25, with 75 A spacer, 182 £2/C was achieved,

both with atomic planar doping.
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These materials studies results were obtained by D. Radulescu, and are

published in his Ph.D. thesis

MODFET Fabrication and Testing

The MODFET shown in Figure 1 was processed usiag electron beam

lithography with single-layer PMMA resist. The gate length is .35 JIrm, and

the gate width is 300 .tm. The noise temperature was measured at 12.5 K

physical temperature, as shown in Fig. 2. 10.5 K minimum noise temperature

was obtained at 8.3 GHz at 2 ma, with about 10 dB associated gain. The noise

temperature of a MESFET fabricated '.he same way was about twice as high as

this quantur, well MODFET result.

In spite of this short effort being an early, simple approach tc, Cryogenic

MODFET's, the results were very encouraging, being twice as good as

MESFET's. With optimized mushroom gate, device size and layout, the

results were expected to become twice as good again. The Cornell technology

was shared with GE, who had a contract to develop cryogenic ultra-low-noise

MODFET's for NASA's earth receiver array to receive the Neptune probe

data. GE ultimately obtained 5.5 K noise temperature at 12 K real sample

temperature, at 8.3 GHz. 1

SUMMARY AND CONCLUSION

It was determined that MODFET channel's with single-sided doping, for 77

K operation, are optimum if they are made of GaAs (with no Indium). For

short gates (<< .5 gm), a barrier layer of superlattice Al. 3 Ga. 7 As (200 A), GaAs

(15 A) was best, grown by MBE at 620*C. The optimum quantum well was 150

A, and the doping in the top A. 3 Ga. 7 As barrier is best done with a spacer
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layer of 75 A, and with the Si doping all placed in single atomic-planar doping

at that location. The lowest 77 K 2DEG sheet resistance was 80 0) for (001)

substrate orientation and 65 2 for a misorientation of 4 ° off (001) toward

(111)A direction. The former has 95,000 cm 2 /V-s mobility and 8 x 10 1 1/cm 2

electron sheet density, while the latter has 20% higher electron mobility. For

12 K operation, a 200 A spacer yields the best 2DEG sheet resistance of 20 2/3,

with - 1 x 106 cm 2 /V-s electron mobility, but with only 3 x lOll/cm2 electron

sheet density.

It was determined that pseudomorphic InYGalyAs channels for 2DEG

yielded higher electron sheet density, but with substantially lower mobility, so

that the 2DEG sheet resistivity monotonically rises with increased fraction y.

At 25% Indium, the lowest sheet resistivity was 150 Q/O. This effect is

expected to continue to yield inferior performance for pseudomorphic

MODFET's, compared to lattice matched GaAs MODFET's, at even lower

temperatures than 77 K.

When MODFET's were fabricated at Cornell using GaAs quantum well

channels (130 A thick), with .35 jtm gate length, a noise temperature of 10.5 K

was obtained at 12 K physical temperature, at 8.3 GHz. These devices were not

yet fully optimized since they used Al.3 Ga.7As barriers under the channel,

rather than superlattices, and were not yet optimized for the doping profile,

nor did they yet have the low-resistance, mushroom-shaped cross section in

the gate.

It is recommended that further optimization of the doping profile, to

include doping under the channel, and further optimization of the 2DEG

confinement, with acceptor atomic-planar-doping deeper in the superlattice

buffer layer. Depending on the cryogenic temperature of choice (the spacer



layer can be enlarged for lower temperature operation), optimized designs can

now be undertaken.

It is not understood why the optimum mobility is sharply lower in

InyGal-yAs/GaAs pseudomorphic quantum wells at cryogenic temperatures.

It is thus of interest to determine what physical (or technological) effect is

causing this reduced performance, as compared to GaAs channels.

REFERENCES

1. Dr. Gcorge Duh, G.E. Syracuse, Private Communication.

2. Dr. Mary Chen, "Fabrication andDC Performance of Self-Aligned GaAs

SISFET", Ph.D. thesis, Cornell University, (Jan. 1988).

3. Dr. Loi Nguyen, "Realization of Ultra High Speed Modulation-Doped

Field Effect Transistors" Ph.D. thesis, Cornell University (May 1989).

PUBLICATIONS AND PRESENTATIONS DONE (PARTIALLY) ON THIS
PROGRAM

"DC and RF Characterization of a Planar-Doped Double Heterojunction
MODFET", Y.-K. Chen, D.C. Radulescu, P.J. Tasker, G.W. Wang and L.F.
Eastman, Int. Symp. on GaAs & Related Cpds, Las Vegas, NV (Sept. 28-Oct. 1,
1986); Inst. Phys. Conf. Ser. 83, Ch. 8, 581-586 (1987).

"Anisotropic Transport in Modulation-Doped Quantum-Well Structures",
D.C. Radulescu, G.W. Wicks, W.J. Schaff, A.R. Calawa and L.F. Eastman, 1.
Crystal Growth, 81 (6) 106-108 (1987).

"Anisotropic Transport in Modulation-Doped Quantum-Well Structures",
D.C. Radulescu, G.W. Wicks, W.J. Schaff, A.R. Calawa, and L.F. Eastman, J.
Appl. Phys.61, (6) 23012306 (Mar. 15, 1987).

"DC and Microwave Performance of Single-Gate and Dual-Gate
AlGaAs/InGaAs Double Heterojunction MODFETs", Y.K. Chen, D.C.
Radulescu, A.N. Lepore, G.W. Wang, P.J. Tasker and L.F. Eastman, 11th
European Workshop on Compound Semiconductor Devices and Integrated
Circuits, Grainau, W. Germany (May 4-6, 1987).



12

"Bias-Dependent Microwave Characteristics of an Atomic Planar-Doped
AlGaAs/InGaAs/GaAs Double Heterojunction MODFET", Y.K. Chen, D.C.
Radulescu, G.W. Wang, A.N. Lepore, P.J. Tasker, L.F. Eastman and E. Strid,
IEEE MTT-S Int. Microwave Symp., Las Vegas, NV (June 9-11, 1987).

"The Effect of Buried p-Doped Layers on the Current Saturation Mechanism
in AiGaAs/InGaAs/GaAs MODFETs", S.F. Anderson, W.J. Schaff, P.J. Tasker,
M.C. Foisy, G.W. Wang, and L.F. Eastman, DRC, Santa Barbara, CA (June 22-
24, 1987).

"Enhancement of 2DEG Density in GaAs/InGaAs/AlGaAs Double
Heterojunction Power MODFET Structures by Buried Superlattice and Buried

P+-GaAs Buffer Layers", Y.K. Chen, D.C. Radulescu, M.C. Foisy, A.N. Lepore,
G.W. Wang, P.J. Tasker and L.F. Eastman, DRC, Santa Barbara, CA (June 22-
24, 1990.

"Effects of Substrate Misorientation and Background Impurities on Electron
Transport in Molecular Beam-Epitaxial Grown GaAs/AlGaAs Modulation-
Doped Quantum-Well Structures", D.C. Radulescu, G.W. Wicks, W.J. Schaff,
A.R. Calawa and L.F. Eastman, 1. Appl. Phys. 62 (3) 954-960 (Aug. 1987).

"The Effect of Substrate Orientation on Deep Levels in N-AlGaAs Grown by
Molecular Beam Epitaxy", D.C. Radulescu,W.J. Schaff, G.W. Wicks, A.R.
Calawa and L.F. Eastman, 14th Int. Symp. on GaAs and Related Cpds., Crete,
Greece (Sept. 28-Oct. 1, 1987); Inst. Phys. Conf. Ser. 91, Ch. 3, 299-302 (1988).

"A High-Gain Short-Gate A1GaAs/InGaAs MODFET with 1 Amp/mm
Current Density", G.W. Wang, Y.K. Chen, D.C. Radulescu, P.J. Tasker, and L.F.
Eastman, 14th Int. Symp. on GaAs and Related Cpds., Crete, Greece (Sept. 28--
Oct. 1, 1987); Inst Phys. Conf. Ser. 91, Ch. 7, 737-740 (1988).

"Influence of an Intentional Substrate Misorientation on Deep Electron Traps
in AlGaAs Grown by Molecular Beam Epitaxy", D.C. Radulescu, W.J. Schaff,
G.W.Wicks, A.R. Calawa, and L.F. Eastman, Appl. Phys. Lett., 51 (26) 2248-
2250 (Dec. 1987).



"A High Performance 0.12 pm T-Shar Gate Ga 0 5 In0 . 5 As/A10 5 In0 5 As

MODFET Grown by MBE Lattice Mis-Matched on a GaAs Substrate", Y.K.
Chen, G.W. Wang, W.J. Schaff, P.J. Tasker, K. Kavanagh and L.F. Eastman,
IEDM Technical Digest, 431-434, Washington, D.C. (Dec. 6-9, 1987).

"Comparisons of Microwave Performance Between Single-Gate and Dual-
Gate MODFETs", Y.K. Chen, G.W. Wang, D.C. Radulescu and L.F. Eastman,
IEEE Elec. Dev. Lett.,9 (2) 59-61 (Feb. 1988).

"Influence of Substrate Misorientation of Defect and Impurity Incorporation
in GaAs/AlGaAs Heterostructures Grown by Molecular Beam Epitaxy", D.C.
Radulescu, G.W. Wicks, and L.F. Eastman, J.Appl. Phys. (May 1, 1988).

THESES DONE (PARTIALLY) ON THIS PROGRAM

"Design Principles and Performance of Modulation-Doped Field Effect
Transistors for Low Noise Microwave Amplification" L.H. Camnitz, Ph.D.
Cornell University, (Jan. 1986).

"Submicrometer Gate Planar-Doped Pseudomorphic Multiple-
Heterojunction MODFETs for Millimeter-Wave and Optical
Communication", Y.K. Chen, Ph.D. Cornell University (May 1988).

"Molecular Beam Epitaxial Growth and Characterization of Aluminum
Gallium Arsenide/Indium Gallium Arsenide Single Quantum-Well
Modulation-Doped Field-Effect Transistor Structures", D. Radulescu, Ph.D.,
Cornell University (May 1988).



DC AND RF CHARACTERIZATION OF A PLANAR-DOPED DOUBLE
HETEROJUNCT ION M0 DFET

Y.K. Chen, D.C. Radulescu, P.J. TasKer, G.W. Wang
and L.F. Eastman

School of Electrical Engineering, Cornell University
Ithaca, NY 14853 USA

Abstract. A GaAs/AlGaAs double heterojunction MODFET
structure with atomic planar doping layers prepared by
Molecular Beam Epitaxy (MBE) was fabricated and
characterized. FET structures of 0.5 x 200 im gate
geoemtry demonstrated a DC transconductance of 135 mS/mm
over a broad gate bias range and a zero gate bias current
of 350 mA/mm with a maximum channel current of 430 mA/mm.
Both are extrinsic values measured at room temoerature.
Results obtained from microwave measurements show the cut-
off frequency of short circuit current gain (fT) of 24 GHz,
and the maximum oscillation frequency of 50 Gdz been
achieved. At 10 GHz, the device gave the maximum
efficiency of 47 percent with 5.5 dB gain and 0.5 W/mm
output power at a drain bias of 6.5 volts.

Introduction

Gallium arsenide MODFETs (Modulation-Doped Field-Effect
Transistors) have demonstrated excellent microwave performance
with very high cut-off frequency and very good noise
performance [Camnitz 1984; Chao 1985; Berenz 1984; Smith
1985]. However, the current driving capability of
conventional single heterojunction MODFETs is limited by the
amount of sheet charge density in the two dimensional channel,
usually less than 1 x 10 1 2 /cm . Therefore, their power
performance and switching speed, which are directly related to
the current driving capability, were not much better than
MESFETs. In order to achieve high sheet charge density, a
high doping concentration in AlGaAs is generally used. This
leads to problems such as low breakdown voltage, low
activation efficiency of dopants, and process control problems
such as poor pinch-off characteristics and threshold votlage
uniformity. Double and multiple heterojunction devices were
then investigated (Hikosaka 1986; Gupta 1985; Saunier 1986] to
increase the current density. The highest maximum channel
current reported so far is 600 mA/mm from a multiple
heterojunction device [Saunier 1986]. However, all multiple
heterojunction structures built so far, were still based on
uniformly doped AlGaAs layers to support the two dimensional
electron gases. So the problems with heavily doped AlGaAs
layers still presist.



In 1979, Wood [19791 reported a GaAs power FET structure of
which the dopants were deposited on one atomic plane by
interrupting MBE growth. The ultra-thin doped layer resulted
in a FET structure with very constant transconduc:ance and
gate--to-source capacitance over a wide bias range. We present
here a double heterojunction MODFET structure which utilizes
two Si planar-doped AlGaAs layers. This provides us with good
charge control of the two-dimensional electron sheet charge
density in comparison to the uniformly doped layers as well as
better device performances. From those double planar-doped
MOD.FET structures, we observed enhanced FET performance such
as higher breakdown voltage, broader gm and gate capacitance
cu.-ves, reduced light sensitivity and threshold voltage shifts
at low temperature.

Device Structure

The fabricated AlGaAs/GaAs structure is shown in Fig. 1, and
the corresponding energy band diagram under the gate is shown
in Fig. 2. Since the donor atoms are confined in a two-
dimensional plane, the band bending is linear and resulting in
broad gm and Cgs characteristics. The structure is grown by
MBE on top of a semi-insu ating GaAs substrate in the
following sequence: 5000 suoerlattice buffer layer, 200
undoped AlGaAs, Si p anar doped layer of 4 x 1012 /an2 , 100
undoped AlGaAs, 200 undooed GaAs channel, 50 R undooed
AlGaAs spacer layer, Si planar doped layer of 4 x 101 2 /cm 2 ,
400 R undooed AlGaAs, and 400 R GaAs capping layer doped to 1
x 101 8 /cm 3. The mole fraction of aluminum is 30% throughout
all the AlGaAs layers.

Device Fabrication

The double heterojunction MODFETs were fabricated by using a
deep-UV contact lithography and a lift-off technique. After
mesa etching, source and drain ohmic contacts were formed with
Ni/AuGe/Ag/Au alloyed at 750 C furnace temperature on the cap
layer. Using the photoresist as mask, the gate recess was
performed by wet chemical etching. Finally, Ti/Pt/Au gate
metal was evaporated and lift-off to form complete FET
structure. The gate length of FETs is either 1 4m or 0.5 Pm
mreasured on the mask with distance of 1.5 Pm between gate and
source and gate to drain.

Results and Discussion

Minimum breakdown voltage measured between two adjacent mesa
pads placed 7 I'm away on the superlattice buffer layers was 40
volts. Specific ohmic contact resistance obtained from
transmission line patterns was typically 0.4 ohms-mm. Since a
phosphoric acid/perioxide/DI aqueous solution was used for
gate recess etching, it left residues underneath the Schottky
gate metal and caused variations in gate breakdown voltages
ranged from 3.5 to 19 volts as shown in Figs. 3 and 4.
Despite this processing related problem, we demonstrated that
the high gate breakdown voltages of 19 volts can be
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accomplished by the planar doping technique.

Figure 5 shows the drain current-voltage characteristics of a
0.5 x 200 =n FET at room temperature. It shows very good
pinch-off characteristics as well as very low output
conductance. The relation of DC transconductance and drain
current versus gate bias were plotted in Fig. 6 with drain
biased at 2.5 volts. A very broad peak of transconductance
over the bias variations was observed. By combining the flat
gate-to-source capacitance curve in Fig. 7, this double planar
doped technique will yield MODFETs with very good RF power
performance in terms of high fmax, high efficiency, low
intermodulation distortion, and fairly constant input
impedance at different power levels. The maximum extrinsic gm
measured at room temperature is 139.5 mS/mm with a source
resistance of 1.6 ohms-mm from the end-resistance measurement.
This yields an intrinsic gm of 179 mS/mm. Fig. 8 shows the
drain I-V characteristics of a 1 x 200 =m FET at 77K under the
light and in the dark. Despite the oscillations from the
probe station, we can see very little I-V collapse which is
very pronounced and commonly seen in MODFETs with uniformly-
doped AlGaAs layers. This can be seen better in the 77K
transconductance and drain current curve as depicted in Fig.
9.

Data obtained from small signal s-parameter measurements from
1 to 19 Gdz of a packaged FET with 0.5 x 200 pm gate geometry
shows a short-circuit current gain cut-off frequency (fT) of
24 GHz with an associated maximum oscillation frequency (fmax)
of 50 Gdz. The data were extrapolated from the low frequency
measurements with a slope of 6 dB per octave. Power
measurements were performed at 10 Gz with the diced device
mounted and wire-bonded in a microwave fixture. At a maximum
efficiency of 47 percent, the tuned device delivered a
corresponding power of 0.5 W/mm and 5.5 dB gain with the drain
biased at 6.5 volts. The device also exhibited a soft output
power compression curve as shown in Fig. 10, hence it was
difficult to determine the 1 dB compression point. At low
power level, the tuned device gave 12.4 dB gain. The maximum
output power can be delivered by this device could not be
measured on our test system which is limited by the low
available input power level from the signal source.

Summary

We have demonstrated a double heterojunction MODFET structure
that utilizes a MBE growth suspension technique to confine all
the dopants within a ultra-thin plane in the otherwise
unintentionally doped AlGaAs layers. The fabricated FETs with
0.5 x- 200 pm gate geometry shows an fT of 24 GHz and
corresponding fmax of 50 GHz. The room temperature DC
characteristics shows a very broad gm peak of 135 mS/mm with a
maximum channel current of 350 mA/mm. Power measurements on
this device at 10 GHz shows a maximum efficiency of 47 percent
with 5.5 dB associated gain and 0.5 W/mm. .At 77K, the
fabricated MODFET showed very little light sensitivity and no
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Figure 10. Power Performance of a

0. 5 x 200 Um FET at 10 GHz.

I-V collapse was observed. Therefore, the double atomic
planar doped structure will be a very good candidate for the
high speed digital and high power microwave applications.
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ANISOTROPIC TR-NSPORT IN MODULATION DOPED QUANTUM WELL STRUCTURES

D.C. FRADULESCU, G.W. WICKS, W.J. SCHAFF, A.R. CALkWA ' and L.F. EASTMAN
School of Electrical Engineenn& Phillips Hall Cornell University, Ithaca. New York 14853. USA

Arisotropic electron transport has been ob- tween 7 and 10. The same arsenic flux was used
se-rved in GaAs modulation doped quantum wells for both the GaAs and Al 0.3Ga 0.7As growth.
grown by molecular beam epitaxy (MBE) on a Fig. 2 shows the 77 K Van der Pauw-Hall
thick (001) .A 0 3Gao.-As buffer grown at 6200C. mobility (2] measured in the dark as a fuLiction of
The anisotropy is a result of the growth of GaAs quantum well width, L:, for structures with both
on AI 0. 3Ga0.As under growth conditions which thick Al. 3Gao..As and superlattice buffers. The

provide an anisotropic inverted interface mom- data point at L. cc is obtained using GaAs only
phology. We observe that the degree of anisotropy in the buffer layer. A monotonic decrease in mo-
is related to the thickness and growth parameters bility is observed with decreasing quantum well
of the Al 0..Ga 0.-As layer gown just prior to the thickness using the thick Al 0.3Gao..As buffer.
inverted interface. This communication sum- Using the superlattice buffer, the mobilities re-
manzes our observation that -he inverted interface main constant above 95,000 cm/V • s for well
has an anisotropic rouzchns which affects the widths of 150 A or more.
77K low-field electron transport parallel to the In fig. 3 we plot the ratio M ,:ov'//Zot at 77 K
interface and 2.ve', rise to anisotropic electron versus the quantum well width for the structures
scattering in the GaAs modulation doped quan-
tum well [1].

The structure used in this study is shown in fig. n" - Ga.s
1. The epitaxial layers were grown by MBE in a
Varian GEN II machine on undcoed LEC grown
GaAs substrates cut 20 - 0.50 off the (001) plane n'- Al. sGa.7As
towards the (011) ?lane. The GaAs buffer is fol-
lowed by a 500 A graded Al ,GalAs region Alo.3G3 0 .7 A: SOacer

(0 < x < 0.3) to minimize the contributions of an Lz GaAs Quantum Well

extra 2DEG at this interface in the transport
measurements. The substrate temperature during I) Thick Al0 3 GacoAs

growth was 620°C unless other'wise specified. ,he"
growth rate of GaAs and Alo.3Ga 0.7 As was 1.0 5000 A or

and 1.43 pm/h respectively for all structures grown Buffer 2) Superimttice
in this study. The surface reconstruction de- f15 A GoAs/.O00 AI0.3Ga0.As)
termined by electron diffraction during growth of
GaAs was an arsenic-stabilized c(2 X 8) mesh. The 500 A gradea AlIGa,_As
V/III beam equivalent pressure ratio determined
by an ion gauge in the growth position wa.; be.z3000 GaAs

* Visiting Cornell Lecturer. permaneat address: MIT Lincoln (001) GaAs Substrate
Laboratory,. Lexington. Massachusetts 02173. USA. Fig. 1. Layer structure of modulation doped quantum wells.

0022-0248/87/$03.50 C Elsevier Science Publishers BY.
(North-Holland Physics Publishing Division)
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in fig. 2. This ratio is essentially unity for all well
too widths when a superlattice buffer (15 A GaAs/'200

/A.-,,0.Ga,-AS) is used. For the thick Al ,.Ga0 7 As/ buffered structures the 77 K low field electron
So .rcer1c transport is observed to be anisotropic. As the

SUFFR AlGaAs ellwidt isincreased the anisotropy gets pro-
o 70 BFE esieyswr.and vanishes in the 300
CL quantum well. The effect of Uinht is to reduce the

60- ~~degree of anisotropy by increasing the ZE he
density (Fermi energy). klso shown in fig. 3 is a
90 A- quantum well structure with a thick

M 40 - Al,.3Ga,0 -As buffer grown at a substrate tempera-
I ture of 6300* C instead of 6200 C. The anisotropy is

-j I
temperature of growth of the kl,.,Ga,..ks buffer
plays a role in determining the degree of ani-

-10.. sotropy. The effect of a ICO s growth stop at the
iterface between a Al, 3Ga 3. .-s buffer and a 150

CC ~ 00 ~-A quantum well is to reduce the dezree of ani-
:cc ~ H L, 0 sotropy as shown in fig. 3. Al\so shown in fig. 3 is

CmJANUM YL~..the mobility ratio for a 1-40 A quantum well with a

F.;. 1 7K mobihitv as a Iuntc--oa of qusitium -Cit su-cerfattice buffer- (15 A GaAsl/60 A AI,.
wt~.L.. or both th-c'k A10,3G2 0*TAS and SUeat-c- Gza5 ..As) with a 'CO Al).,G.7~As spacer in-

buffered structures. serted between the suceri;attice buffer and the
quantum well. The dama indicates that the thick-
ness of the A10 23GaO,7As grown iust prior to the

2o - *;AK inverted interface plays a role in determining the
71HICAde~re.e of anisotropv. Also shown in fig. 3 is the

-3CCA~~ Al~ oility ratio of a 1-40 A cuantum %ell witha
is- superlattice consisting of 10 A of GaAs and 250 A

1.7 of Al 0 3Gao As. The data indicates that the struc-
. G,7- ture of the superlattice :)lavs a role in determining

(1AIa.ssI!C In conclusion. anisotropic low field electron
SUPERL I.TTIcCr transport has been observed in modulation doped

F GCwT ~ 10 E GaAs single quantum wells at 77 K. It is a result
,:- .3 LRW 7, of the growth of GaAs on Al.0 ,Ga.. 1 As under

1.2 INTE~ CE growth conditions which provide an anisotropic

1.N interface morphology. The maxidmum conductivity
1.1 V is along [110] and the minimum is along [110]. The

aniisotropic effects are relaxced by interrupting
1.0 MBE growth at the inverted interface. The effects

0.9 = SUPERLATTICE BUFFER are also reduced by growth of the AI0.3Ga,0 7 As
HC AI0.Ga0 rAS BUFFER GROWN AT 68eC buffer at high temperature (6800 C). Replacing the

100 200 300 AI0JGaq..As buffer with a superlattice consisting
QUANTUM WELL WIOTH, L, (A of 15 A of GaAs and 200 A Of Al 0.1Gao.,

Fi& 3. The ratio of A1,1to JLalol a3 a function of quantum eliminates the arnisotropy. Higher 2DEG sheet
well width, concentrations result in reduced amounts of aniso-
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tropic transport. Thicker quantum wells also show The work was supported by IBM, Amoco
reduced amounts of anisotropic transport. Em- (Standard Oil), the Joint Services Electrons Pro-
ploying a superlattice buffer at low growth tern- gram. NASA-Lewis Research Center, the Office
perature eliminates .aisotropic transport and gives of Naval Research and McDonnell-Douglas.
mobilities comparable to conventional non-in-
verted single heterointerface modulation doped
structures for L. a 150 A The 2DEG mobility is References
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Anisotropic transport in modulation-doped quantum-welI structures
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School of Elecitcal Engineering, Phillips Ha14 Cornell Univiniy Ithaca. New York 14853

(Received 2September 1986; accepted for publication I11 November 1986)

Anisotropic electron transport has been observed in GaAs modulation-doped quarn= wells
grown by molecular-beam epitaxy on a thick (001) Al... Ga..,As buffer gown at 620 *C. The
low-ieid electron mobility at 77 K in the [1I10 1 direction is a factor of 2 larger than the
mobility in the (T10 1 direction for a 904e quantum well. Thicker quantum wells ( 150, 200,
and 300 A) show progressively less anisotropy, which vanishes for a 300A quantum well. The
degree of anisotropy is also reduced or eliminated by suspending growth of the A1,., Ga,, A
for a period of 300 s prior to growing the GaAs quantum well. Growing the AJ,,Ga,,As
buffer at higher temperatures (680 *C) also reduces the degree of anisotropy. Higher two-
dimensional electron gas sheet densities result in less anisotropy. The anisotropy is eliminated
by replacing the thick Al,3 Ga., As buffer with a periodic multiilayer structure comprising 15
AS of GaAs and 2'00 A.. of AL~Ga,., As. The degree of anisotropy is related to the thickness and
growth parameters of the A1,., Ga,.. As layer grown just prior to the growth of the GaAs
quantum Well.

1. INTRODUCTION The structure used in this study is shown in Fig. I1(a).
Strctues row b moecuar-ea eptax (ME) The GaAs buffer is followed by a 500-A graded

with Ga.As on AGaAs (inverted interface) are known to Al Ga, -,As region (0 <x <0.3) torninimizethecontribu-
differ from structures zrown With AIGaAs on GaAs (nor- tions of an extra two-dimensional electron gas (2DEG) at

mal int~erfacej). Poor structural. electronic, and optical
properties have been associated with the inverted inter-
F~act. ' The influence of growth conditions on these proper-
ties have been investigated by many authors."~ Parameters EGI~San co se~~w
such as substrate misorientation from nominal (001),
growth temperature. growth interruptions. IT/V flux ra- L, GaAs QuantumT well
tios, arsenic species (As, /As, ), and surface impurity con-
centrations resulting from out-diffusion from the substrate. Thicx Alo3 GaajAs

dopant fluxes. dopant surface segregation. and '.MBE ma-500Ar
chine contamination are all factors that determine heteroin- Buffer 2) Periodic mutilcIyof struc-ure
terface quality. Roughness and impurity trapping at the in- (1 ,sZ0 Ai,,Cda.,As)
verted heterointerface have been suggested as the
contributing factorsto the inferior structures."i This paper 5001 graded AI,Ga.,As
discusses our observation that the inverted interface has an____________________
anisotropic roughness which affects the 77-K low-field elec- 300 GaAs
tron transport parallel to the interface.

IL. EXPERIMENT (001) GaAs S6tbstrots

The epitaxial layers were grown by NMBE in a Varian
GEN 11 machine on unoped liquid encapsulated Czoch-
raiski (LEC) grown GaAs substrates cut 2* 4- 0.5' off the
(00 1) plane towards the (0 11') plane. The substrate tem- Electron Suplying Loysrs
perature during growth was 620'.C unless otherwise speci- b) c
fied. The growth rate of GaAs and A4, Ga,., As was 1.0 and i+-G ~ *G~
1.43 /im/h, respectively, for all structures grown in this 400A (i:I 0 a c W* 400A asi I -3o~n,study. The surface reconstruction determined by electron (i11 mI(i11 a
diffraction during growth of GaAs was an arsenic-stabilized n*_ Ao 3Ga 0 7,As 325 1 undoised Al0jGo0QAs
Q2 X8) mesh. The V/Il beam equivalent pressure ratio 400 A (S:3sio tocn0 Silicon Plans (6 I '%inM-)
determined by an ion gauge in the growth position was 3 noe l G A 5 notdA,,A.A
between 7 and 10. The same arsenic flux was used for both ~ AudpdA 0 3 a,7 e 7A udpdAQG~~

the GaAs and AL,, Ga,7 As growth.
FIG. 1. (a) Layer structure ofmodutotion-doped quantum wells. (b) Layer

Visiting Comne]) Lecturer, permanent address: MIT Lincoln Laboratory, sts'ucture ofunirormly doped electron supplying layer. (c) Layer structure
Lexington. MA 02173. of atomically planar doped electron supplying layer.

- -- 0- **Pllm*.PPT0141 4 (F' 11117 A,-q':e:1n 1r1%-1fq of PhySCS 220,



this interface in the transport measurements. The periodic aligned along the (I 10> cleavage direcuons. These measure.
multilayer is hereafter referred to as a superlattice buffer. ments were made in the dark at liquid-nitrogen temperature
The two types of electron supp lying layers used are outlined in a magnetic field of 2 kG. White light was used to vary the
in Figs. I (b) and I (c). A 30-Aspacerwas used in thecaseof 2DEG sheet density. The sheet resistances were determined
uniform doping [Fig. I (b) ]. For the atomic planar doping using transmission line model (TLM) patterns oriented in
case [Fig. I(c)] a 75-A spacer was required to give 2DEG four nonequivalent crystal directions: [110], [010], [1I0],
mobilities and sheet densities equivalent to the uniformly and [ 100].
doped structures. During silicon deposition for atomic
planar doping, growth was suspended for 45 s with only sili- Ill. RESULTS
con and arsenic impinging on the substrate to accumulate Figure 2 shows the 77-K van der Pauw-Hall mobility '3

6 x 10': silicon atoms per square centimeter. measured in the dark as a function of quantum-well width,
Table I summarizes the structural parameters of the lay- L,, for structures with both thick Alo. Gao.7 As (B I, B2, B3,

ers presented in this study. Samples BI, B2, B3, and B4 are B4) and superlattice buffers (SL1, SL2, SL3). Samples B5,
thick Alj Ga,,As buffered structures while SLI, SL2, and B6, B7, SL4, and SLS, containing variations from the stan-
SL3 are superlattice buffered. Sample B5 contains a 300 s dard structures, are not included in Fig. 2. The data point at
growth interruption between the Al0.3 Gao., As buffer and L = a is obtained using GaAs only in the buffer layer. A
the 150-. quantum well, otherwise it is identical to sample monotonic decrease in mobility is observed with decreasing
B2. During this growth interruption arsenic was impinging quantum-well thickness using the thick Alo. Ga., As buffer.
on the substrate. For sample B6, the Al0 .3 Gao., As buffer was Using the superlattice buffer, the mobilities remain constant
grown at 680 *C, otherwise it is identical to sample B I. Sam- above 95 000 cm/V s for well widths of 150 A or more.
ple B7 is a replication of sample SL3 without the GaAs in the Figure 3 shows the orientation of contacts on the van der
superlattice buffer. The growth was interrupted for 5.4 s ev- Pauw-Hall samples. The voltage-current ratio along the
ery 200.A which corresponds to the 15-A GaAs deposition [ 110] direction, R1 ,0 1 ( = Vco, /,1, ) , is defined as the ratio
time. In other words, the buffer of B7 contains no GaAs, just of the potential difference Vc, between contacts C and D
5000 A. of Al0, Ga, As. Sample SL4 is a superlattice buf- and the current through the opposite contacts A and B. Simi-
fered (15 A/200 A) structure with an extra 300-A larly, the voltage-current ratio along the [TI0] direction is
A.03 Ga0,As layer inserted between the last 200 A of Rj1 ,01 ( = Vsc/I 4 8 ). In Fig. 4 we plot the ratio
Alo. Ga,, As of the superlattice buffer and a 150-A quan- R o110 1/R o at77 K versus the quantum-well width for the
turn well: otherwise it is identical to sample SL2. Sample SL5 structures in Fig. 2. The electron sheet densities could be
is a 150-A quantum well with a superlattice buffer compris- varied between about 7 X 10t1 crn : and 12 X 10" cm - - by
ing 10 A of GaAs and 250 A of Alo Gao. As. The only controlling the exposure of the layer to white light prior to a
difference between samples SL5 and SL2 is the superlattice measurement. This light effect is caused by the photoexcita-
structure. tion of electrons from DX centers in doped Alo.3 Ga,.. As. "'

Van der Pauw-Hall measurements were made using This ratio is essentially unity for all well widths when a su-
cloverleaf patterns and a square active area with edges perlattice buffer is used. For the thick A.-13 Ga., As buffered

TABLE I. Structural parameters of modulation-doped quantum wells.

Type of
Thickness of electron

Type of quantum well supplying
Sample buffer (A) layer, Comment

B1 AIGaAs 90 APD
B2 AIGaAs ISO UNF
B3 AlGaAs 200 UNF
B4 AIGaAs 300 APD
B5 AIGaAs 150 UNF 300-s growth stop

at inverted interface
B6 AIGaAs 90 APD Buffer grown at 680 C
B7 AIGaAs 200 APD 5.4-s growth

stop ever 200 A in
AIGaAs buffer

SLI SL( 15/200 ) 90 APD
SL2 SL(15 A,-200 A) 150 APD
SL3 SL(15A/200A ) 200 APD
SI.4 SL(15 A/200 A) 150 APD Extra 300 A undoped

+ 300 , AIGaAs layer inserted
between superlattice

and quantum well
SL3 SL( 10,Ak/25O .A) 150 APD

'APD - Atomic planar doped. UNF - uniformly doped.

2302 J. Ap~. Pt"s.. Vol. 61, No. 6. 15 March 1987 Radulescu et al. 2302



I 1

100__________10- a

U 81. 82, 83.84

- 90 / * SLI, SLZ. SL3

DARK-7 9

so8 SUPERLATTICE THICK OA865E BUFFER AIM3G% 7 As C 86U THICK

0 70 - BUFFER - 6 AiGooAs0 2E 6 -BUFFER

0
60 0

- LIGHT

_j50 - 4U

0 GROWTH
.J2 40 - 3 STOP
-j
..j 1680%C--.<~ 30 -2 -6O \ *

Y_ 1Y20 - - -- ' =[ -L SUPERLATTICE BUFFER

10 o00 200 30o
QUANTUM WELL WIDTH, L, (1)

,83 200 300 M
QUANTUM WELL WIDTH, Lz () FIG. 4. The ratio ofR I=o, to A1 ,o as a funcuon ofquanm-wel width.

FIG. :. 77 K Hal mobility as a function of quantum-well width. L,. for

both thick AL 3 Ga,. As (BI. B2. B3. 94) and superlaUtice buffered struc-
tures (SL 1, SL2. SLS3). The effect of electron sheet density (varied by light ex-

posure) on the anisotropy is shown in Fig. 5, where the ratio
of R11 ol to R( 110, is plotted versus Hall sheet density. For

structures the 77-K low-field electron transport is observed all structures investigated the degree of anisotropy is re-

to be anisotropic. As the well width is increased the anisotro- duced as the electron sheet density is increased. Also shown

py ges progressively smaller, and vanishes in the 300-A in Fig. 5 are data on sample SL4. The presence of an addi-
py g el o essively sit t rese t tional 300 , of Al., Gao.. As above the superlattice is suffi-
quantum well. The effect of light is to reduce the degree of cient to produce the anisotropy. If the GaAs in the superlat-
anisotropy. This effect will be discussed later. Also shown in tice is too thin compaed to the .Al~ Ga%., As (samples SL5

Fig. 4 is a 90-,k quantum-well structure (sample B6) with a and B7) conduction anisotropy is again observed.

thick Ali.3 Gao., As buffer grown at a substrate temperature onn asotrop a oord .

of 680 *C instead of 620 *C. The anisotropy is eliminated for Montgomery" has developed a coordinate transforma-of 60 " intea of620 C. he nistroy iseliinaed or ionwhich can be used to convert the measured ratio of vol-

this structure. The effect of a 300-s growth stop between a tion-whichncan ostoonvr di re d rto o toth

Al. Gao., As buffer and a 150-A quantum well (sample BS) tage-current in orthogonal directions (R (Tiol RIt 01 ) to the

is to reduce the degree of anisotropy as shown in Fig. 4. corresponding mobility ratio (/[to/,[s 1yo ). Figure 6 is a
plot of the voltage-current versus mobility anisotropy ratios.
The solid curve represents the theoretical calculation from
Ref. 15. The solid circles are data on some of the structures

B C which exhibited anisotropic transport properties. The data
Vac [were obtained after exposure to a large amount of white light[00 I] [T JO] which maximizes the 2DEG sheet density and minimizes the

anisotropy. Sheet resistances from which mobility ratios

[1 10] were obtained, were measured by the TLM method"1 in four

AB 0nonequivalent crystal directions: [110], [010], [1I0], and
[ ]2[ 100]. The maximum mobility was observed in the [ 110]

Vco /,AS direction, while the minimum mobility was observed in the

[ 110] direction of all structures. Intermediate mobility val-
A / AO D R[Tio] 2 VBc / 1A0  ues were measured in the [010] and [ 100] directions. Re-

versing polarity in the TLM measurements showed no de-

pendence of the mobility on the sign of the applied electric

FIG. 3. The orientation ofcontacts on the van der Pauw-HU samples. The field.
definitions or R11 , , RA1ol. and the crytal directions are a"o shown. Hornstra et al." have shown that the van der Pauw

. . . .r IlC lll Ina,.. .. il



the product of the mob"ueICs, WLUC a mcaSurmcn u,
1O - AITmI/R 1, ., gives the quotient of the mobilities. These two

measurements can be used to deduce the individual mobili-
9 tiespittow and t tTo. For all structures investigated in this

8591 study, whenever anisotropic transport is observed, u,,.O,
andjulljol are lower than 95 000 cm/V s. Table II summar-

izes the van der Pauw-Hall measurements of the samples

presented in this study.
.-- "'6 \ L4 

5 IV. DISCUSSION
0\ * Figures 2 and 4 suggest that the inverted interface

4 .57 (GaAs grown on top of AlGaAs) is anisotropically rough.
52 MBE grown (00 1) GaAs/AGaAs structures possess sever-

3 al anisotropic properties where the two ( 10) directions are
SL5 nonequivwlert. Even a nominally flat (001) GaAs surface is

2 B3 * ansotropic. For an arsenic-stabilized surface the bonds join-
- ing an (001) arsenic plane to the underlying plane of galliumB5

atoms are all in the ( 10) plane. 17 As a result, the two (110)
directions are nonequivalent. Reflection high-energy elec-

6 7 8 9 10 I 12 tron diffraction has been used to deduce that islands on the

HALL SHEET DENSITY (10" cn -2 ) surface during MBE growth are elongated in the [110] di-
rection." This implies that step propagation is faster in the
[110] direction compared to the [ 110] direction. Photolu-

FIG . neratoofR11o, toR 1 I Io, as afunction of Hall sheet density. The minescence in GaAs has been observed to be strongly polar-
.Amples ar described in Table I. ized. 9 The luminescence spectra in the 1.504 -1.511 eV re-

gion are different for emitted luminescence polarized

technique can be applied to anisotropic conductors. The mo- parallel to the [110] direction compared to that polarized
bility measured is the geometric mean mobility: paraUel to the [ I 10] direction."' Defect pairs preferentially

measurement gives oriented parallel to a 1110] direction due to faster step prop-
= /o o" The van der Pauw mesremeagation in the [TI0 direction have been suggested as the

cause of the polarized photoluminescence.' 9 A step edge
10 propagating in a [110] direction will have an arsenic atom

with a single dangling bond at the step edge (arsenic.type)
9 -while a step edge propagating in a [ 110] direction will have a

gallium atom with a single dangling bond at the step edge
8 (gallium-type). 20 An arsenic-type step edge propagates fas-

THEORETICAL ter than a gallium-type step edge. As a result, these two-step
7 edges (arsenic-type, gallium-type) are fundamentally differ-

ent. Tsui et aL'22 ' have recently shown that the growth of
AIGiAs on a surface with gallium-type step edges results in

0 smooth surface and interface morphology and superior pho-
"5 8 toluminescence when compared to growth on a surface with

arsenic-type step edges.
Ir 4 SL4 In this study the substrates were cut 2*-; 0.5' off (001)

towards (011). Single monomolecular steps at the inverted
interface due to the 2" cut cannot account for the observed

B7 : anisotropic aid degraded mobilities. Had this been the case
2 85 82single heterojunction structures would also be expected to

have anisotropic mobilities since monomolecular steps due
only to the cut are bound to be present at this interface

t also." We do not observe any such effects in our single he-

1.0 .I 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 terojunction structures at 77 K. Other authors""-o have ob-

L[t o] //[l io] served anisotropic transport in single heterojunction struc-
tures. However, all observations have been made in
structures with reduced phonon and remote impurity scat-

FIO.6.Themratoof t,, tol,,o0 waafunaiooftheratioofP,1101 to tering achieved by using a low measurement temperature
hllel. in oid curve ts the theoretical calculation from Ref. 15.

Mmoid arcla ip t exmpaprioal poum The aampla ar dscribed (=-4 K) and wide undoped AIGaAs spacers. respectively.
i- Ta" L in6 has found no correlation between substrate misorien-
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TABLE IL 77K dectron sheet demus. mbties and voltp cunmt rmo bbmae And Aik expose to white light for the ample tn Table L

Sheet decsity Mobility
(I 1X 10 1 CM - 1)  (1 lX 1WJ Cm /V s) At ria).

A,,,0o

Sample Dark Light Dark Light Dark Light

31 6.3 12.0 9.0 11.1 10.0 5.4
B2 9.1 -12.1 .2 Z 30.0 4.3 2.2
B3 6.9 11.3 62.5 65.6 1.7 1.4
34 7.4 12.1 37.1 72 8 1.0 1.0
B5 8.5 12.0 27.5 46.2 1.5 1.4
B6 6.6 11.9 24.1 35.9 1.0 1.0
B7 5.9 10.1 51.4 70.2 4.0 2.1
SLI 6.6 [2.4 49.2 64.9 1.0 1.0
Sl.2 7.9 12.2 95.9 77.3 1.0 1.0
SL3 7.3 11.3 100.5 92.0 1.0 1.0
SL4 7.9 9.3 34.4 49.1 6.3 4.3
SL5 5.9 11.6 45.4 67.6 3.6 2.1

tation from nominal (001) and anisotropic transport at =4 As shown in Fig. 4, we observe a reduction in the degree
K. ofanisotropy by inserting a growth stop at the inverted inter-

An inverted interface characterized by roughness on the face (sample B5). A growth stop at the inverted interface
order of multiple monolayers is a highly possible cause of the would reduce the roughness to single atomic steps where
anisotropic and degraded mobilities in our structures. anisotropic transport becomes small. We do observe a reduc-
Roughness at this interface can be explained using a simple tion in the anisotropy due to a growth interruption but we
model"' which accounts for the different migration length of also observe degraded mobilities. This could be related to
aluminum and gallium on the surface of AlGaAs during impurity absorption at the interface and would be a function
MBE growth. Using our growth conditions we crudely esti- of MBE machine purity. Other authors' 30 have observed
mate, according to the model of Ref. 27, the migration length increased impurity incorporation while achieving smoother
of aluminum and gallium to be 35 and 150 A, respectively, interfaces by interrupting MBE growth.
Since the migration length of aluminum is estimated to be As shown in Fig. 4, growth of the A.k., Ga,.7 As buffer at
smaller than the migration length of gallium, the inverted 680 *C (sample B6) eliminates the observed anisotropy in
interface will be rougher than the normal interface where electron transport at 77 K. This is consistent with the model
only the gallium atoms are present. Monte Carlo simula- that the inverted interface has a roughness of several mono-
tions" have predicted the inverted interface to get progres- layers due to a short aluminum migration length. Increasing
sively rougher (many monolayers) as the thickness of the the growth temperature increases the aluminum migration
AIGaAs layer gets larger if the AIGaAs is grown under typi- length.
cal GaAs growth conditions (620 "C, 1 ,um/h. Table II and Fig. 5 indicate that for structures with an-
As. /Ga = 10). At higher substrate temperature the alumi- isotropic transport, the 2DEG mobility increases with in-
num atom becomes more mobile and may only nucleate at creasing sheet density. Theoretically, 2 as the 2DEG sheet
step edges. The gallium atom is sufficiently mobile to do this density increases, the 2DEG mobility should decrease due to
at lower temperatures. Following this argument, the GaAs interface roughness scattering. The fact that we do not ob-
in the superlattice will periodically smooth out the serve this may be an indication that more dominant scatter-
Al0.3 Gao., As growth front if the thickness of GaAs is large ing mechanisms" are limiting the mobility or that the model
enough. This effect has been modeled by Singh et al.:9 using of Ref. 26 is inadequate to explain the inverted interface
Monte Carlo simulations and shown to be an effective meth- roughness.32

od of achieving smooth interfaces when the two cations Throughout this paper our analysis ignores the effect of
(AI,Ga) of a ternary compound (AlGa, -,As) have sig. parallel electron transport through the electron supplying
nificantly different migration lengths. layer. Isotropic parallel conduction through the electron

Since the (001) GaAs in this study was cut 2" off supply layer will result in an apparently lower anisotropic
towards (011) both gallium-type and arsenic-type step Hall mobility ratio. Parallel conduction is significant when
edges will exist on the surface before growth is initiated. The the electron supplying layer concentration-mobility product
anisotropies inherent in the growth process due to these fun- is comparable to that of the 2DEG. There is one case in our
damentally different step edges combined with multiple structures where we believe this is significant. Sample B2
monolayer interface roughness due to a short aluminum mi. with a uniformly doped electron supplying layer, has slightly
gration length is believed to be the mechanism responsible less anisotropy than sample SL4 which has an atomically
for the effects observed in this study. planar doped layer. While the added 300 A of A]*) Ga. 7 As
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DC AND MICROWAVE PERFORMANCE OF SINGLE-GATE AND DUAL-GATE

AIGaAs/InGaAs DOUBLE-HETEROJUNCTION MODFET'S

Y.K. Chen, D.C. Radulescu, A.N. Lepore, G.W. Wang, P.J. Tasker, and L.F. Eastman
School of Electrical Engineering, Cornell University,

Ithaca, New York 14853 USA

Single-gate Modulation-Doped Field-Effect Transistors (SG-MODFET) have
demonstrated excellent microwave performance with lower noise, higher output
power, and much higher cut-off frequency compared to the GaAs MESFETs of the
same gate geometry [1-3]. However, there is another attractive and widely-
utilized version of the FET, the Dual-Gate MODFET (DG-MODFET) which has not yet
been studied extensively. Dual-gate FET's play an important role in a vast variety of
high performance microwave circuits such as variable gain stages for both low noise
and power amplification [4], active phase shifters [5], mixers [6], etc. The
advantages of the dual gate structure comes with the increased functionalities by
fabricating two independent FETs of identical characteristics in a compact manner,
and higher power gain than the single gate structure. Detailed operating modes
and analysis of GaAs dual-gate MESFETs have been studied in many journals [7-9].

We had grown and fabricated both single-gate and dual-gate Modulation-
doped AIGaAs/lnGaAs/GaAs Double-Heterojunction FETs with 0.7-micron gate
length. The layered structures were grown by Molecular Beam Epitaxy (MBE) and
utilized atomically planar-doped electron supplying layers [10,11]. The extrinsic DC
transconductance from a fabricated single-gate FET is 270 mS/mm at room
temperature, and increased to 322 mS/mm at 77K. The extrinsic DC
transconductance of a nearby dual-gate FET is 285 mS/mm at room temperature,
and increased to 396 mS/mm at 77K. A unity current-gain cut-off frequency (fT) of
27 GHz and fmax of 50 GHz were obtained from the measured S-parameter data
from 0.5 to 26.5 GHz of a single-gate FET. Different power-gain roll-off
characteristics between SG-MODFETs and DG-MODFETs are observed at high
frequency and will be discussed.

This work was supported in part by the Joint Services Electronics Program, ONR,
and the General Electric Company, Syracuse, NY.
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BIAS-DEPENDENT MICROWAVE CHARACTERISTICS OF AN ATOMIC PLANAR-DOPED

A1GaAs/InGaAs/GaAs DOUBLE HETEROJUNCTION MODFET

Y.K. Chen, D.C. Radulescu, G.W. Wang. A.N. Lepore, P.J. Tasker, L.F. Eastman

and Eric Strid*

School of electrical Engineering, Cornell University
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ABSTRACT DEVICE STRUCTURE AND FABRICATION

A double heteofunction MOOFET (Modulation-Doped Field The structure is grown by MBE on too of a semi-insulating GaAs
Effect Transistor) emoloying lattice-strained AIGaAs/InGaAS/GaAs substrate with a few degrees of misorientation from (100) [9 in
layer structure has been grown and evaluated at microwave the following sequence: 5000A of suoerlattice buffer layer [101.
frequencies. Fabricated FETs of I x 200 urm gate geometry have SA undoped GaAs, Si planar dooed layer with density of 2 x 1012
demonstrated a room temperature extrinsic DC transconductance cm- 2 , 85 A undoped GaAs. 200 A undoped InGaAs channel, 30 A
of 400 mS/mm with a full channel current of 610 mAimm. Data undoPed AIGaAs spacer layer. Si planar doped layer of 6x101z cm-'.
extrapolated form small signal S-parameters shows a very high 250 A undoped AlGaAs. and 400 A GaAs capping layer doped to 1
unity power' gain cut-off frequency (f-,,.) of 85 GHz as well as a x 1018 cm-3 . The mole fraction of aluminum and indium are 15%
high current-gain cut-off frequency of 21.7 GHz. This is the and 30% respectively.
highest fro, obtained yet for a FET with one-micron gate length.
Bias-dependent equivalent circuit models are also presented and The grown wafers were then fabricated with a conventional FET
discussed, process: mesa etch, Ni/AuGe/Pd/Au patterning and lift-off, ohmic

contacts formed by alloying at 450oC for S seconds, followed by
INTRODUCTION the gate level lithography on a mid-UV contact aligner, recess etch

of the capping layer, and evaporation of Ti/Pd/Au and lift-off.
Gal.ium arsenide MOOFETs (Modulation-Doped Field-effect Palladium is used in the ohmic metal formation to improve the
Transistors) have demonstrated excellent microwave performance reliability of the alloyed contacts. A specific contact resistivity of
with very high cut-off frequency and very good low-noise 0.1 ohm-mm were obtained from transmission line measurements.
performance [1-31 However, the current driving capability of
con,entional single heterojunction MODFETs is limited by their DC CHARACTERISTICS
sheet charge density of less than lx t012/cm- 2; therefore their
power performance and switching speed, which are directly Figure I shows the room temperature I-V characteristics of a
related to current driving capability, were not much better than fabricated FET with a 1 x 100 um gate dimension. The peak
the MESFETs. Double or multiple heterojunction devices [4-61 extrinsic DC transconductance is 400 mS/mm at room temperature
were then investigated to increase the current density. So far, the and the dependence of the gate bias is shown in Fig. 2. Maximum
highest maximum channel current reported is 600 mA/mm from channel current is 610 mA/mm at room temperature, and it is
six-fold GaAs/AlGaAs heterojunctions [4[ and 430 mA/mm from decreased to 560 mA/mm at 77K due to the reduction of parallel
strained-layer InGaAs/AIGaAs double heterojunctions [7). conducting current in AIGaAs layer. Figure 3 shows the
However, all multiple heterojunction devices have relied on conduction band diagram of the quantum well structure, and the
uniformly doped AIGaAs layers to supply the two dimensional threshold voltage can be derived by solving Poisson equation
electron gases. In order to achieve high sheet charge density, a using the depletion approximation:
high doping was introduced. That leads to problems such as low
breakdown voltage, low activation efficiency of dopants, and VT= [-(qnd)dIc I +f(c/c(d, +w,.,) + C3/E2 L+w 1 0 )"
processing problems which results in poor pinch-off characteristics
and poor control of uniformity on threshold voltages. qNd2l 3 ] - (6 + AEc, - AE, 2 + E.)/q

We have reported double heterojunction MOOFET structures [81 where *9 is the Schottky barrier height. Ndt and Ndz are the sheet
which utilize two silicon atomic planar-doped AIGaAs layers. By doping density in the AIGaAs and GaAs supplying layer, wwpt and
using the Mott barrier gate structure, it provides us with good wj02 are the corresponding spacer layer thickness. d, and L are the
charge control of the density of two-dimensional electron gases as thickness for the undoped AIGaAs layer and well width, and AE,
well as maintaining good breakdown behavior. The threshold and aEc2 are the discontinuity at the conduction band edges. The
voltage of the FET is also less sensitive to the AIGaAs layer threshold voltage is a linear function of di in this Mott barrier
thickness across the wafer because the electrical field is constant in structure in contrast to a conventional square law dependence for
the undoped AIGaAs supply layer. Little light sensitivity were uniformly doped MOOFET structures.
observed at low temperature (77K) due to the much reduced
volume of heavily doped AIGaAs layers. In this paper, we report MICROWAVE CHARACTERIZATION
the fabrication and characterization of a lattice-strained Microwave measurements have been performed from 0.5 to 26.5
AlGaAs/InGaAs/GaAs double hetero-junction MOOFET of high GHz in 0.5 GHz steps with a pair of Cascade Microtech's microwave
two-dimensional electron sheet charge density and excellent wafer probes and an HP 8510 automatic network analyzer. $-
charge confinement for high frequency applications, parameter data have been taken with the gate and drain biased at

various voltages, and been fitted to the equivalent circuit model
depicted in Figure 4 through a computer optimization program* Cascade Microtech Inc., Beaverton, Oregon 97075 FETFITTER. Figure 5 shows the measured and modeled two-port S-
parameters. It shows very smooth measured data as well as a very



good fit from the equivalent circuit parameters. Various power
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SUMMARY

In summary, we have fabricated a high performance one-micron
MOOFET which has high transconductance, high channel current,
and high power gain cut-off frequencies. The one-micron gate
length device is capable of driving oscillator up to 60 GHz. Bias-
dependent equivalent circuit model were established to correlate
the device performance such as power gains and cut-off
frequencies. These bias-dependent device parameters are very
useful tools to optimize the FET structures for higher power
density and efficiency at millimeter-wave frequencies.
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The Effect of Buried p-Doped Layers on the Current Saturation
Mechanism in AIGaAs/InGaAs/GaAs MODFETs

S.F. Anderson, W.J. Schaff, P.J. Tasker, M.C. Foisy, G.W. Wang and L.F. Eastman
School of Electrical Engineering, Phillips Hall,

Cornell University, Ithaca, NY 14853 (607)255-9609

This abstract describes the first investigation of the effect of buried p-doped layers on
the current saturation mechanism in short gate-length MODFETs.

Current saturation in conventional short gate-length MODFETs is observed to follow
the gradual channel approximation of non-velocity saturated current typical of long gate
devices. The phenomenon of substrate current due to deconfinement of carriers into the
buffer has been offered as an explanation. The effective velocity of the carriers is reduced,
which degrades the RF performance of the MODFET. Thus it is desirable to reduce
substrate current. AIGaAs buffers have been used to increase the confinement of carriers
in both GaAs MESFETs and AIGaAs/GaAs MODFETs[1]. More recently buried p-layers have
been used in short gate-length GaAs MESFETs[2].

In this work we will discuss the first use of a buried beryllium-doped layer i, .ne GaAs
buffer of the pseudomorphic n+AI(0.2)Ga(o. 8)As/ln(o.15)Ga(0 85 )As/GaAs MODFET. Our
modeling of the structure by a one-dimensional Poisson solution predicts improved
confinement of carriers due to a built-in field induced in the buffer by the p-layer. Our
experimental work includes the study of recessed-gate devices with gate lengths of 0.3
microns. Material is grown by MBE and includes MODFET structures where both the
doping concentration and the depth of the Be-layer are varied, as well as an
AIGaAs/InGaAs/GaAs structure with a conventional buffer for comparison. Our
characterization techniques are DC IV, 77K, CV, and 2-18 GHz RF measurements.

Experimental results demonstrate that the buried p-layer provides a much sharper
current saturation characteristic. We observe a very low knee voltage (channel voltage
less than 0.3 volts) in the DC IV cnaracteristic. We also observe very sharp pinchoff in the
transconductance characteristic; the tail that is characteristic to conventional buffer
devices is absent. In agreement with the improved DC characteristics, we observe
significant improvements in RF performance at a very low drain potential. For example, at
Vds = 0.8V and Ids = 33 mA/mm, we observe an increase in measured f, from 28 GHz in the
conventional buffer to 38 GHz in the p-layer buffer and a reductio'n in the RF output
conductance from 40 mS/mm to 22 mS/mm. At Vds = 0.8V and Ids = 100 mA/mm we
observe an increase in measured ft from 33 GHz to 38 GHz and a reduction in output
conductance from 107 mS/mm to 40 mS/mm. This represents a 35 and 20% increase in
effective velocity at the respective bias points.

The improved velocity observed in the p-layer devices supports the theory that
substrate current due to deconfinement of carriers plays a significant role in the current
Sdturation mechanism of short gate-length MODFETs. Since the buried p-layer provides
improved RF performance at very low drain bias, these devices could be useful in low noise
applications.

This work is supported by a National Science Foundation Graduate Fellowship, and in
part by the Joint Services Electronics program, Office of Naval Research, Raytheon and
IBM.

[1] L.H. Camnitz, "Submicrometer Quantum Well HEMT with AI(O. 3)Ga(0.7)As Buffer Layer",
paper presented at the Eleventh International Symposium on Gallium Arsenide and
Related Compounds, Sept. 1984, Conf. Series Number 74, Institute of Physics.

[2] K. Yamasaki, "Below 10 ps/Gate Operation with Buried p-Layer SAINT FETs", Electronics
Letters, 20, 25/26, 1029-1031 (Dec. 1984).



ENHANCEMENT OF 2DEG DENSITY IN GaAs/InGaAs/AlGaAs DOUBLE HETEROJUNCTION POWER
MODFET STRUCTURES BY BURIED SUPERLATlICE AND BURIED P -GaAs BUFFER LAYERS

Y-K. Chen, D.C. Radulescu, M.C. Foisy, A.N. Lepore, G.W. Wang, P.J. Tasker and L.F. Eastman
ScFooFof Electrical Engineering,Phillips Hall, Cornell University, Ithaca, NY 14853 (607)255-3409

GaAs/InCaAs/AIGaAs double heterojunction structures, employing atomic planar doping and high potential barrier
buffer layers of either buried superlattice or buried beryllium-doped p*-GaAs layers, have been successfully
fabricated for the first time. Improved two dimensional electron gas (2DEG) concentration, up to 1.7 x 10'2 cm2 , is
realized by effective charge control at both the top and botom heterojunction interfaces.

To generate large output power in MODFETs, both high current density and high gate breakdown voltage are
needed. Because of the limited 2DEG concentrations generated by a single heterojunction (SH) MODFET structure,
usually less than 1 x 102 cm2 , various workers have studied double or multiple heterojunction structures to improve
the total sheet charge densi *es (1,2] . However, the electron transfer mechanism at the bottom inverted
heterojunction interface is dominated by the barrier potential of the buffer layer. Since thick and undoped A;Gd~s

buffer layer were always used by the previous workers, the total donor density in the bottom electron supplying
layers was kept low to avoid poor pinch-off characteristics and parasitic conduction in the bottom AIGaAs layer. This
poor charge control by using the uniformily doped AIGaAs buffer layer resulted in less contribution to the total
2DEG charge density from the bottom hetero-interface compared to the top interface.

We have previously reported [31 improved AIGaAs/GaAs/AIGaAs MOOFET performance and gate breakdown
voltages by using atomic planar doped AIGaAs layers. Now we present the successful fabrication of
GaAs/InGaAs'AlGaAs double heterojunction (DH) MOOFET structures with enhanced 2DEG densities by using atomic
planar doping in conjunction with either buried superlattices (BSL) or buried beryllium doped p*-GaAs (SP) buffer
layers. With these structures, the bottom electron supplying layer can be doped much heavier as well as transferring
more electrons into the 2DEG without generating parasitic conduction. Very low output conouctance is a!so
acr,'eved because of the excellent electron confinement from these high barrier buffer layers. This will be a very
important factor to realize high frequency, high power FETs with very short gate length.

The FET structures were grown by MBE with atomic planar doped electron supplying layers and either BSL or BP
buffers. The fabricated FETs of 1.2-micron gate length have been characterized at both DC and RF frequencies. The
room temperature extrinsic DC g, is 408 mS/mm for the BSL-DHMODFETs, and is 300 mS/mm for the BP-DHMODFETs.
The full channel currents are 610 mA/mm from a BSL-DHMODFET and 430 mA/mm from a BP-DHMODFET. The
measured current gain cut-off frequency (fT) is 21.5 GHz from a BSL-DHMODFET ard 16 GHz from a BP-DHMODFET.
From this RF information, we have obtained 2DEG densities of 1.5 x 1012 cm-- tor the BSL-DHMODFET and 1.7 x 101 2

cm-2 for the BP-DHMODFET structLre. A 12 dB MAG (maximum available gain) were measured at 20 GHz for both
BSL-DHMODFET and BP-MODFET, which is translated into an excellent fma (maximum available power gain cut-off
frequency) of 80 GHz. The g,, f,' and f values are amongst the highest yet reported to date for GaAs MODFETs
with one-micron gate length. Preliminary CW power measurements (limited by the sensitivity of power meters and
tuning networks) of the BSL-DHMC.DFET show .45 W/mm power density with 36% power added efficiency and 11 dB
linear gain at 10 GHz, and .36 mW/mm with 22% power-added efficiency and 7dB linear gain at 18 GHz. The BP-
DHMODFET demonstrated .43 W/mm and 10.3 dB gain at 10GHz, and .26 W/mm and 4.6 dB gain at 18 GHz. Both
power density and gain are comparable to the best power densities previously reported on a triple-heterojunction
MODFET with a smaller gate length of 0.5-micron [2] and a DH-MODFET with higher breakdown voltages [1].

We have demonstated for the first time the enhancement of 2DEG density as well as better electron confinement
in a double heterojunction MODFET structure by usiog novel atomic planar doped electrons supplying layers i.-
conjection with buried superlattice or buried beryllium doped GaAs buffer layers. Very efficient charge control at
the bottom inverted hetero-interface can also be accomplished by utilizing these structures. Our experiments show
that futher improvements in the 2DEG densities in inverted MODFETs and multiple heterojunction MODFETs can be
achieved by using high barrier buffer layers, together with high atomic planar doping of the bottom electron
supplying layer.

This work is supported by the Joint Services Eectronics Program, GE, AMOCO, IBM, and the Office of Naval
Research.

(1] K. Hikoska, et al. IEEE EDL-7, pp. 341- 342 (July 1985).
[2] P. Saunier, J.W. Lee, IEEE EDL-7 (9) pp. 503-505 (Sept. 1986).
(3' Y.K. Chen. et al. Proc. 1986 Int. Symp on GaAs and Related Compounds.



Effects of substrate misorientation and background impurities on electron
transport in molecular-beam-epitaxial grown GaAs/AIGaAs modulation-
doped quantum-well structures

D. C. Radulescu, G. W. Wicks, W. J. Schaff, A. R. Calawa,a) and L. F. Eastman
School of Electrical Engineering Phillips Hall. Cornell University, Ithaca, New York 14853

(Received 8 December 1986; accepted for publication 2 April 1987)

Single GaAs quantum wells, clad with Ao.3 Gao.7 As, and modulation doped with silicon
introduced in the Alo.3 Gao.7 As after the quantum wells are grown have been grown by
molecular-beam epitaxy on GaAs substrates tilted a few degrees from the nominal (001) plane
towards either of the ( I l) planes. The low-field two-dimensional electron gas mobility is
observed to be a function of the tilt angle (0, 2, 4, 6.5 ° ) and of the direction of tilt [towards
( Ill )A or ( 111 )B]. The two-dimensional electron gas mobilities in quantum-well structures
grown on substrates tilted towards ( 111 )A are larger than those in structures grown on
nominally fiat (001) substrates. The improvement in two-dimensional electron gas transport is
attributed to an improvement in the quality of the inverted interface (i.e., GaAs grown on
AIGaAs). Quantum wells grown on substrates tilted toward ( 111 )A also exhibit larger two-
dimensional electron gas mobilities than quantum wells grown on substrates tilted toward
( Ill )B for a given angle of tilt. For quantum-well structures where interface scattering from
the inverted interface is significant, the two-dimensional electron gas mobility is observed to be
anisotropic and larger in the [ 110] direction in comparison to the [TI0] direction. The
anisotropy in electron transport in the GaAs quantum well is observed to be larger for
structures where the substrate tilt is towards ( 111 )B in comparison to ( 111 )A. For quantum
wells grown on substrates tilted toward ( 111 )A the anisotropy in two-dimensional electron gas
mobility gets progressively larger as the tilt angle gets smaller. Larger molecular-beam epitaxy
machine background impurity concentrations are observed to significantly increase the
magnitude of the anisotropy in two-dimensional electron gas mobility suggesting that
impurities and/or defects introduced during MBE growth are the origin of the anisotropic
transport.

I. INTRODUCTION We have previously observed degraded and anisotropic

Structures grown by molecular-beam epitaxy (MBE) electron transport in GaAs modulation-doped quantum

with GaAs on top of AIGaAs (inverted interface) are desir- wells grown on thick Alc 3Gao- As. 5 The two-dimensional

able for applications to high-speed electron devices in addi- electron gas (2DEG) mobility was observed to be highest in

tion to optical devices. However, poor structural, electronic, the [ 110] direction and lowest in the [110] direction while

and optical properties have been associated with inverted intermediate directions had intermediate mobilities. The an-

interfaces in comparison to interfaces resulting from the isotropy is attributed to interface scattering from the invert-

growth of AlGaAs on top of GaAs (normal interface). '- 2  ed interface. We observed that the degree of anisotropy was

Roughness and impurity trapping at the inverted interface related to the thickness and growth parameters of the

have been suggested as the contributing factors to the inferi- A!0 .3 Gao.7 As layer grown just prior to the inverted inter-

or properties.'-" Optimization of MBE growth conditions face. The introduction of an appropriate superlattice struc-
and GaAs/AIGaAs layer structure of the material grown ture just prior to the growth of the inverted interface elimi-
just prior to the inverted interface have resulted in improved nates the anisotropy and improves the 2DEG transport. In
electrical and optical properties but are still not comparable our previous work, all structures were grown on GaAs sub-

to the normal interface. ' strates tilted 2' off the (001) plane towards the (011 ) plane.
It has recently been shown by Tsui and co-workers '' 3'14  The purpose of this work is to further investigate the effect of

that when MBE growth is performed on a GaAs substrate substrate orientation on the 2DEG transport in the GaAs

which is tilted a few degrees from (001) in an appropriate modulation-doped quantum-well structures with inverted
direction that the morphological and optical properties of interfaces.
thick AIGaAs and GaAs/AIGaAs single quantum wells can In this paper, we present 77-K low-field transport data
be improved. The observation of this effect has introduced a on modulation-doped quantum-well structures grown by
new parameter which may be varied to optimize the MBE MBE on substrates oriented 0, 2, 4, and 6.5' off the (001)
growth of GaAs/AIGaAs heterostructures: the orientation plane towards either ( Ill )A or ( Ill )B. We show that the

of the GaAs substrate. 2DEG mobility is a function of the angle and direction of the
substrate orientation. In addition, we show that the 2DEG

Visiting Cornell Lecturer, permanent address: MIT Lincoln Labortory, mobility is a function of the direction of the applied electric
Lexington, MA 02173. field in the GaAs quantum well (i.e., anisotropic). The an-
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isotropy in 2DEG mobility is also a function of the tilt angle TABLE L Summay of growth runs.
and tilt azimuth direction of the substrate from the (001)
plane. The dependence of the 2DEG transport on substrate Go Thicers of Gts eGrwh supedh, tjie buffer$utrt

orientation is attributed to interface scattering from the in- run() ti
verted interface. We show that the amount of interface scat-
tering from the inverted interface is a sensitive function of A 5 0* nominally flat

the amount of background impurities in the MBE machine. A 5 74 towards (11l)A
A 5 4" towards (111)A
A 5 (3.5" towards 0 1 O A

II. EXPERIMENT
B 15 2" towards(I11)A

The epitaxial layers were grown by MBE in a Varian B 15 2" towards (Il1)B
GEN II machine on undoped liquid encapsulated Czoch- B 15 2" towards (011)
ralski (LEC) grown GaAs substrates. The substrates were
cut either 0, 2 , 4, or 6.5* +_ 0.25* off the (001) plane toward C S 4 towards (111)8
either (III )A (gallium face) or (011 )B (asenic face) un- c 5 6.5 towards (1 1)A
less otherwise specified. For each growth run three to five C 5 6.5' towards (I 11)B
substrates with different orientations were mounted side by D 15 0. nominally flat
side, using indium, on the molybdenum mounting block. D 15 4" towards (III)A
The substrates were rotated during growth at 7 rpm. The D 15 4" towards (111)B
substrate temperature during growth was 620 *C. The D 15 6.5 towards (III )A
growth rate of GaAs and Alo.3Gao. As was 1.0 and 1.43 D 15 6.5' towards (111)B

/am/h, respectively, for all structures grown in this study. E 15 0' nominally flat
The surface reconstruction determined by electron diffrac- E 15 2" towards (ill )A
tion during growth of GaAs was an arsenic-stabilized E 15 4" towards (11)A
C(2X8) mesh. The VilII beam equivalent pressure ratio E IS 6."towards(II1)A
determined by an ion gauge in the growth position was 7 to F 20 0' nominally flat
10. The same arsenic flux was used for both the GaAs and F 20 2" towards (I11)A
All 3 Gao.7 As growth. F 20 4,* toward. (111)A

The structure used in this study is shown in Fig. 1. The F 20 6.5 towards ( 11 )A

GaAs buffer is followed by a 500 A& graded Al. Ga, - As
region of (0 < x < 0.3) to minimize the contributions of an
extra 2DEG at this interface in the transport measurements. that the wave function of the electrons in the 2DEG would
The thickness of the GaAs in the superlattice buffer LGsL strongly interact with the inverted interface and be very sen-
was either 5, 15, or 20 A& depending on the growth run. A sitive to the quality of it.' 5 A 75-.A undoped Alo.3 Gao.7 As
quantum well of 150.- thickness was chosen for this work so spacer was followed by an atomic planar-doped electron

supplying layer as shown in Fig. 1. During silicon deposition
for the atomic planar doping, growth was suspended for 45 s
with only silicon and arsenic impinging on the substrate to

400 A GcAs:Si (1 x 1018 cm- 3) accumulate 6 X10IV silicon atoms per square centimeter.

Growth runs A, B, E, and F were performed when the
325 A undoo)ed ,A0.3Goo7As maximum 2DEG 77-K mobility which could be achieved in

Silicon Atomic Plane (6 X 10" er-2) the MBE machine in single heterojunction wide spacer (200
(6 1012 scce A) AIo]3 Gao.7As/GaAs modulation-doped structures was

75 A undoped Al0.3Goo.TAs soocer only = 9 5 000 cm2/V s. During the growths of C and D,

150 A G:As Qucnrurn Well mobilities greater than 200 000 cm-/V s could be obtained in
the MBE machine. Growth runs E and F were performed
with the flow of liquid nitrogen into the growth chamber

5,000 Superlttice Buffer liquid nitrogen shrouds but were insufficient to keep the
(LS. GOAs/200 A oAIt.3Go.7As )  shrouds at 77 K. The purpose of restricting the flow of liquid
LrSL - 5, 1s, or 20 A nitrogen was to intentionally increase the background impu-

rity concentrations in the MBE machine. Growth runs A, B,

E, and F are considered to be "low-purity" growths, while

500 A Graded AIGCa-,As growth runs C and D are considered to be "high-purity"
growths.

.3,000 A GaAs Buffer Table I summarizes the growth runs presented in this
study. Growth run D contained an undoped LEC substrate

GaAs S.I. Substrate cut 2 0.5 offthe (001) plane towards the (011) plane for
(Cut 9 off (001), 0- 0, 2. 4, or 6.5 ) comparison with previous work." Except for this substrate,

all other substrates were cut from the same LEC ingot.
FIG. I. Layer structure of modulation-doped quantum wells. Van der Pauw-Hall measurements were made using

.. rr



cloverleaf patterns and a square active area with edges 50

aligned along the (110) cleavage directions. These measure-
ments were made in the dark at liquid-nitrogen temperature' .2

in a magnetic field of 2 kG.

40 2.0

Ill. RESULTS I"
E .

Figure 2 shows the 77 K geometric mean mobility o
( .I. ..7w) ind mobilitv ratio (AillOil//.[irul ) deter- 0 0 1.6 -r [w~t,ow "0 '- 40

mined using the van der Pauw method' 7 versus substrate - 1.4 2

tilt angle for growth run A (low purity). Growth run A (low 2 -
purity) has a superlattice composed of 5 k of GaAs and 200 1.2
, of Al].3Gao.7 As grown on substrates tilted toward 2
( Ill )A. The 2DEG transport is observed to be anisotropic •20 1.0
since the ratio oful 1101 to/.I [To] is not unity. We observe the

degree of anisotropy to be a function of the tilt angle and to GROWTH RUN 8

decrease as this angle is increased. As seen in Fig. 2, the LOW PURITY

LGSL 15 0 * SUBSTRATE TILT
geometric mean mobility is also a function of the substrate I II
tilt angle and a maximum at4"off the (001) plane. Asseen in (1108 (01) (1l0A

Fig. 2, growth on a nominally flat (001) GaAs substrate DIRECTION OF 2 ° TILT

gives inferior 2DEG mobilities in comparison to sub.trates FIG. 3. 77-K geometric mean mobility ( !p111 o1 u11 o1 ) and mobility ratio

oriented a few degrees off (001 ) toward ( 111 )A. (Iioi//JlTtOl ) vs the direction of substrate tilt for a (001)GaAs substrate

Figure 3 shows the 77-K geometric mean mobility and cut 2" off the (001) plane for growth run B.
mobility ratio versus the tilt direction for growth run B (low
purity) for (001) GaAs substrates cut 2* offthe (001 ) plane.
Growth run B (low purity) has a superlattice composed of face) or (011) give essentially equivalent 2DEG low-field
15 A of GaAs and 200 . of AL.3 Gao7 As. We observe that transport.
the geometric mean mobility and the degree of anisotropy is A comparison between growth runs A (low purity) and
a function of the tilt direction of the substrate for a given tilt B (low purity) shows that the structure of the superlattice
angle. As seen in Fig. 3, tilt towards ( I I )A (gallium face) (thickness of GaAs in the superlattice) plays a role in deter-
results in the maximum geometric mean mobility and the mining the quality of the inverted interface as previously
minimum degree of anisotropy when compared to tilts to- reported.' 5 Superlattices composed of thicker GaAs layers
ward either (111 )B (arsenic face) or (011). Structures result in superior inverted interface transport in comparison
grown on substrates tilted toward either (I I )B (arsenic to superlattices with thinner GaAs layers. Growth runs A

(low purity) and B (low purity) were both performed when
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0.0 2.0 4.0 6.5 1 _
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FIG. 2.77-K geometric mean mobility (4) and mobility ratio

(,I, 0/pltl,) vs the amount orlsubstrate tilt towards ( I I)A for growth FIG. 4. 77-K geometric mean mobility ( O ) and mobility ratio
run A. (j

1110, /pT1 01 ) va substrate tilt angle for growth run C.
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a 77-K 2DEG mobility of only 95 000 cm2/V 3 could be 1.0 a
obtained in the MBE machine in single heterojunction wide
spacer GaAs/AI. 3 Gao. As modulation-doped structures."-7
Growth runs C (high purity) and D (high purity) were per- 0

formed when greater than 200 000 cm 2/V s could be ob- IS
tained in the MBE machine. Figure 4 shows the geometric >
mean mobility and mobility ratio versus the substrate tilt -E -

angle for growth run C (high purity) wh..,h contained 5 A of 0 o.6 T
GaAs in the superlattice buffer as was the case in growth run o.

A (low purity). Comparing Fig. 4 to Fig. 2 reveals that the -4

mobilities are significantly higher and the anisotropies sig- 2 0.4"

nificantly lower for the similar structures As was the case in .;
Fig. 2, Fig. 4 indicates that the geometric mean mobility is
larger for substrates cut 4' off the (001) plane in comparison -2

to ones cut 6.5' off the (001) plane. Figure 4 also indicates 0.2

that the 2DEG mobilities are larger on substrates cut off the GROWTH RUN E

(00I) plane toward ( 111 )A in comparison to substrates cut LGsLOW PURITY5 SSTRATETILT
off (001) toward ( 11 )B, consistent with growth runB (low 0.0 o1o _ _.o_ I
purity). 0.0 2.0 4.0 6.5

Figure 5 shows the geometric mean mobility and mobil- SUBSTRATE TILT ANGLE (degrees)

ity ratio versus the tilt angle for growth run D (high purit ) FIG. 6. 77.K geometric mean mobility -""7 "'--ojto)and mobility ratio
which contained 15 A of GaAs in the superlattice buffer as in (At nol/ r[TioT ) vs the amount of substrate tilt towards (I I )A for growth

growth run B (low purity). The transport is always isotrop- run E.
ic, independent of the substrate angle and direction of misor-
ientation which was not the case for growth run B (low puri-
ty) which contained an identical superlattice ( 15 A of GaAs son to substrates cut off the (001) toward ( Ill )B direction.
and 200 A of Al0 .3 Gao.7 As). The 77-K 2DEG mobilities are as was observed in growth runs B (low purity) and C (high
significantly higher than those obtained in growth run B purity).
(low purity). Figure 5 also indicates that there is a slight Growth runs A, B, C, and D suggest that background
dependence of the magnitude of the mobility on tilt angle impurities in the MBE machine may have significant effects
and tilt direction. The mobility is larger for substrates cut 4' on the inverted interface in comparison to the normal inter-
off the (001 ) plane than for substrates cut 6.5" off the (001) face. To investigate the role of impurities on the anisotropy
plane, as was the case in growth runs A (low purity) and C in the 2DEG transport, growth runs E (low purity) and F
(high purity). In addition, the 2DEG transport is superior (low purity) were performed with the growth chamber liq-
on substrates cut off the (001) toward (111 )A in compari-
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FIG. 7.77-K geometric mean mobility (J) and mobility ratio
FIG. 5. 77-K geometric mean mobility C O ) and mobility ratio (ui iot/Pa ' oI ) vs the amount of substrate tilt towards ( I! )A for growth

(I u,101 1/ItAo I) vs substrate tilt angle for growth run D. run F.



uid nitrogen shrouds not fully cold ( > 77 K) in an attempt (001) GaAs surface will have gallium-type step edges in the
to intentionally increase the background impurity concen- [110] direction while in the [110] direction arsenic-type
trations in the MBE machine. Figures 6 and 7 show the geo- step edges will exist.," As a result, even a nominally flat
metric mean mobilities and mobility ratios versus the sub- (001) GaAs surface has two types of steps (gallium type
strate tilt angle from (001) towards the ( 111 )A direction. [110] and arsenic type [TI0]).
Growth runs E (low purity) and F (low purity) contain 15 Anisotropies in MBE grown GaAs/AlGaAs structures
and 20,k. of GaAs in the superlattice, respectively. As seen in have been previously observed. The transverse correlation
Figs. 6 and 7, anisotropies significantly higher than those length in the plane of the epitaxial layers of a GaAs/AlAs
previously observed are obtained, indicating that back- superlattice has been observed to be anisotropic in x-ray dif-
ground impurities play a major role in determining the de- fraction measurements. 2 The correlation length in the di-
gree of anisotropy in 2DEG transport at the inverted inter- rection of the arsenic-type step edges [ T 10] was observed to
face. As seen in Figs. 6 and 7, the degree of anisotropy be longer than the correlation length in the direction of the
decreases as the angle of tilt increases, consistent with the gallium-type step edges [ 110]. Reflection high-energy elec-
previous growth runs. The electron sheet densities measured tron diffraction,2 2 photoluminescence, 23 and transport mea-
in the dark for growth runs A, B, C, D, E, and Fare approxi- surements'' 2 4- 26 have also revealed anisotropies in the
mately 6X10"', 6x 10', 8X 10', 8X10", 4X 10", and [110] and [ 110 ] directions which are in the direction of the
5 X 10" cm -2, respectively, arsenic-type and gallium-type ster, respectively.

Other authors2 26 have observed anisotropic 2DEG

IV. DISCUSSION transport in single heterojunction structures and have sug-
gested that interface monomolecular steps due to a substrate

Figures 2-7 indicate that substrate misorientation from tilt are responsible for the anisotropy in their structures. The
(001) during MBE growth has significant effects on the anisotropies were observed in structures with reduced
quality of 2DEG transport at the inverted interface. Struc- phonon and remote impurity scattering achieved by using a
tures grown on substrates tilted off the (001) plane toward low measurement-temperature ( 4 K) and wide undoped
(Ill )A are found to give higher 2DEG mobilities than those AlGaAs spacers, respectively. It is important to realize that
toward either ( I I I )B or (011). In addition, 4* of tilt is found the maximum mobility we observe is always in the [ 110 ]
to give larger 2DEG mobilities than 0, 2, or 6.5° for our direction independent of the direction and angle of the sub-
given set of growth conditions and layer structure. Tsui et strate tilt. This implies that scattering due to single mono-
al.' have recently shown that the quality of the surface mor- molecular steps at the inverted interface produced by the
phology and photoluminescence of AlGaAs/GaAs quan- substrate tilt is not the origin of the anisotropic transport in
turn wells grown on tilted (001) GaAs substrates depend our structures. Had this been the case, the anisotropy would
upon the angle and direction of tilt for their given set of be enhanced as the substrate tilt angle is increased, in con-
growth conditions and layer structure. It can be concluded trast to the data presented in Figs. 2-7.
that structural, optical, and electronic properties of GaAs/ Figures 2-7 suggest that impurities and/or defects in-
AIGaAs heterojunctions are all affected when MBE growth troduced during MBE growth in the epitaxial layers are re-
is performed on vicinal (misoriented) GaAs surfaces. sponsible for the observed anisotropies in 2DEG transport at

Vicinal GaAs surfaces have been studied by other auth- the inverted interface. There are two possible scattering
ors using electron diffraction"8' 9 and electron spectrosco- mechanisms which could account for anisotropies in the
py. 2 Hottier et al."' have shown, using electron diffraction electron transport in our structures. The impurities and/or
from vicinal (001) GaAs surfaces, that monatomic steps are defects could give rise to anisotropic impurity/defect scat-
more ordered on vicinal surfaces cut 3° off (001) toward tering at the inverted interface. Skolnick et al. 3 have sug-
(111 )A in comparison to vicinal surfaces cut 3° off (001) gested that impurity and/or defect pairs can be preferential-
toward ( I I I)B. Using electron spectroscopy, Ranke et al.2  ly oriented parallel to one of the (110) directions in MBE
have studied oxygen adsorption on a cylindrical GaAs sam- grown structures. This phenomenon could give rise to aniso-
pie which exposed the main low index orientations (001), tropic impurity/defect scattering. A second possible aniso-
( I I I ) Ga, and ( I I i ) As as well as their vicinal surfaces. They tropic scattering mechanism could be the result of impurities
observe higher oxygen adsorption rates on vicinal surfaces and/or defects inducing anisotropic surface roughness dur-
cut off (001) toward ( I I )B in comparison to vicinal sur- ing the growth o" the inverted interface." This mechanism
faces cut off (001) toward ( I I )A. They also observe the would give rise to anisotropic interface scattering. Figures
amount of adsorption to be a function of the angle of tilt (0- 2-7 suggest that the impurity and/or defect concentrations
20") about (001). A vicinal GaAs substrate cut off (001) in the as-grown heterostructures can be reduced by reducing
towards (111 )A contains step edges with gallium atoms with the background impurities in thiL MBE machine or by reduc-
single dangling bonds at the step edges (gallium-type), while ing the terrace length on the MBE growth front with respect
a substrate cut off (001) towards ( I I )B contains step edges to the migration length of the group III adatoms by inten-
with arsenic atoms with single dangling bonds at the step tionally orienting the substrate a few degrees off (001).
edges (arsenic type). .9 The data of Refs. 1, 18, 19, and 20 These two seemingly independent mechanisms are observed
suggest that these two step edges (gallium type and arsenic to have the same effect on the 2DEG transport at the invert-
type) are fundamentally different, resulting in vicinal sur- ed interface: the 2DEG transport is improved, and the an-
faces which are fundamentally different. An island on a flat isotropies due to impurities and/or defects are reduced.
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We observe higher 2DEG mobilities on substrates ori- layers in the superlattice buffer. The substrate onentaton
entedr 4off (001) toward (lI)A than either(r, 2r, or 6.5" has been observed to have effects on the 2DEG masport for
for growth runs A, C, D, and F. The terrace length due to the a GaAs/AIGaAs superlattice buffered quantum well grown
substrate misorientation for 0., 2, 4!, and 6.5' of misorienta- at 620 *C. The 2DEG mobility has been observed to be a
tion are oo, 80, 40, and 25 A, respectively....' 9 If the im- function of the tilt angle and of the tilt direction of the sub-
provement in 2DEG mobility was solely related to a reduc- strate relative to the (001) surface. The dependence of
tion in the terrace length on the growth front then a substrate 2DEG mobility on the tilt angle and direction is believed due
tilt angle of 6.5" would presumably give equivalent or higher to the quality of the inverted interface being a function of the
2DEG mobilites than 4. The fact that a substrate tilt angle substrate orientation. The inverted interface structure has
of 6.5' gives slightly inferior 2DEG mobilities than a sub- been observed to give rise to anisotropic 2DEG transport in
strate tilt of 4' indicates that a reduction in the terrace length the GaAs quantum well. We observe that the degree of an-
on the growth front is not the only mechanism responsible isotropy is a function of the angle and direction of the sub-
for the 2DEG mobility to be a function of the angle of sub- strate misorientation. Impurities and/or defects introduced
strate tilt towards ( 111 )A. Oxygen adsorption on a cylindri- during MBE growth are the origin of the observed anisotro-
cal GaAs sample showed that there is an optimum angle pies in 2DEG transport. Background impurities in the MBE
from 0' to 20' ofsubstrate tilt for minimizing oxygen adsorp- machine are observed to significantly affect the quality of the
tion. 2 This fact suggests that impurity incorporation during 2DEG transport in the GaAs quantum well.
MBE growth may be a function of the substrate orientation. The 2DEG mobilities in quantum wells grown on sub-
Wang et al.28 have observed that impurity incorporation strates tilted toward (111 )A are observed to be larger than
during MBE growth was a function of the surface orienta- 2DEG mobilities on substrates tilted toward ( 111 )B. The
tion when comparing the (001), (113)A, and (113)B sur- anisotropy in 2DEG mobility is also larger for substrates
faces of GaAs. In Fig. 6 we observe that the maximum mo- tilted toward (111 )B in comparison to (I I1 )A. For quan-
bility occurs at 6.5" tilt when the background impurities are tum wells grown on substrates tilted toward ( Ill )A, the 77-
high enough to give extremely low 77 K mobilities ( < 1000 K 2DEG mobility is highest for substrates cut 4" off (001) in
cm:/V s). This may be an indication that the optimum angle comparison to 0', 2, or 6.5'. In addition, the anisotropy in
of misorientation is a function of the growth conditions and/ 2DEG mobility is smaller the larger the angle of substrate
or environment. tilt. Smaller background impurity concentrations in the

Comparing growth run .4 (low purity) to growth run B MBE machine produce larger 2DEG mobilities and smaller
(low purity), we see that thick ( 15 ,) GaAs layers in the amounts ofanisotropic transport. In addition, thicker GaAs
superlattice buffer give higher 2DEG mobilities and smaller layers in the superlattice buffer produce larger 2DEG mobil-
amounts of anisotropy than thin (5 A) GaAs layers. The ities and smaller amounts of anisotropic transport. We have
same statement can be made when comparing growth run C observed three ways to increase 2DEG mobilities and de-
(high purity) to growth run D (high purity). Comparing the crease 2DEG anisotropies: tilting the substrate a few degrees
"low-purity" growths (A and B) to the "high-purity" off (001) towards (I I I)A, decreasing the background im-
growths (C and D), we see that the 2DEG mobilities and purities in the IBE machine, and employing thicker GaAs
anisotropies are a sensitive function of the MBE machine layers in superlattice buffers.
purity. The above effects may be explained by either periodic
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THE EFFECT OF SUBSTRATE ORIENTATION ON DEEP LEVELS IN N-AIGaAs
GROWN BY MOLECULAR BEAM EPITAXY

D.C. Radulescu, W.J. Schaff, G.W. Wicks', A.R. Calawa,** and L.F. Eastman
School of Electrical Engineering, Cornell University, Ithaca, NY 14853

"Institute of Optics, University of Rochester, Rochester NY 14627
"MIT Lincoln Laboratory, Lexington MA 02173

ABSTRACT

Deep electron traps in Si-doped Al0.25Ga0.75As grown by molecular beam
epitaxy (MBE) on GaAs substrates deliberately misoriented (tilted 0 to 6
degrees) off the (001) plane towards either (111)A, (111)B or (011) have
been investigated using deep-level transient capacitance spectroscopy
(DLTS). Of the three dominant traps observed in AIGaAs, the concentrations
of two of these are observed to be a direct function of the substrate tilt,
while the concentration of the third dominant trap, which is related to the
DX-center, is independent of the substrate misorientation.

INTRODUCTION

Recently, it has been shown that a deliberate substrate misorientation of a few
degrees off (001) towards (111)A during MBE can improve the electron
transport, optical and morphological properties of AIGaAs/GaAs
heterostructures (Tsui et al 1986, 1986a, 1985b, Radulescu et al 1987, 1987a].
However, deep electron traps in doped AIGaAs dominate the optical and
electrical characteristics of heterojunction devices, while the impact of the
misoriented substrate on these traps has not been investigated at all. This
paper discusses the effect of substrate misorientation on deep electron traps in
MBE grown AIGaAs. We have varied the substrate tilt angle and tilt direction in
addition to the substrate temperature (610 0 C to 6500 C) during growth. The
dependence of deep-level concentrations on these MBE growth parameters
will help in identifying which impurities and/or defects are affected by
substrate misorientation during MBE growth.

EXPERIMENTAL

The structures used in this study were grown by MBE in a Varian GEN II on
semi-insulating liquid encapsulated Czochralski (LEC) grown GaAs substrates
cut either 0, 2, 3 or 6 ± 0.5 degrees off the (001) plane towards either (111)A,
(111)B, or (011). The structures consist of a 7500A GaAs buffer layer doped
with silicon at 1 x 1018 cm- 3 followed by 2000A of 2 x 1017 cm- 3 silicon-doped
GaAs, 2500A of 1.5 x 1017 cm- 3 silicon-doped Al0.25Gao. 75As, and finally a 100A
undoped GaAs cap.

For each growth run (D1, D2, D3 and D4), three substrates with different
orientations were mounted side by side, using indium on the molybdenum
mounting block. The substrate temperature during growth of the AIGaAs was
either 610. 625 or 6500 C. while the GaAs was grown at 610 0C for all growth
runs.



The growtn rate of GaAs and AIGaAs was 1.0 Growth Substrate AiGaAs Growth
and 1.33 pnvh, respectively. Reflection high Run Orienta.on Temperature

energy electron diffraction patterns taken Off (001)

along the <110> azimuth exhibited second 01 6owTowrd01I)A
20 Toward (0 11) 6250C

and third order reconstructions for the GaAs 6"Toward(111)S

and AlGaAs. respectively. Two arsenic sources 02 0 Nominally flat
(AS4 ) were used for the GaAs growth, while 30 Toward (In)A 100
one was used for AIGaAs growth. Table 1 6Tward(01 )A

summarizes the substrate orientations and the 03 3*Toward(111)A

AlGaAs growth temperatures used for the four 2*Toward (011) 625C

growth runs presented in this study. Following 3 Toward 011 )8

epitaxial growth, conventional 600 jim D4 00Nornally Flat3 0 ' o w a r d ( I 1I 11) A t i 0 * c

diameter diodes were fabricated. DLTS 6 oward l I)A

measurements were performed with a system
described previously [Kirchner et al 19811. The
diodes were reversed biased at 2.5V with a Table 1
trap filling pulse of 3.OV for 2.5 mS. DLTS Summary of the growthruns,
spectra were generated using the capacitance substrate orientations, and
transient data at 4 and 20 mS, resulting in a AIGaAs growth temperatures
rate window of 100 Hz. used for this study.

RESULTS AND DISCUSSION

Fig. 1 shows typical DLTS spectra of electron
traps in the silicon-doped AIGaAs structures
from growth run D1 as a function of the
substrate misorientation: 60 towards (111)A, 60
towards (111)8, and 20 towards (011). The TWR 10
spectra show the existence of seven electron 6 TOWARD (III)A
trap levels labeled ME1 through ME7. The
dependence of these commonly seen seven 5 2 TOWARO COil)
traps (ME1-ME7) on aluminum mole fraction, -T
growth temperature, and V/Ill flux ratio have MEl t
been previously reported (Yamanaka et al , M 2 E4

1987, 1987a,Naritsuka et al 1985, Mooney et al Z IME5 ME
1985] . In addition, their capture cross sections 0 ME6

and thermal activation energies have been _- 6.T.WA-D
thoroughly studied. How ever, their >' \IJ E 15C00fundamental origins not completely

understood. In this paper we concentrate on .,
the properties of the three dominant traps
(ME3, MES, ME6) observed in the spectra and "
their dependence on substrate tilt angle and A

tilt direction in addition to growth TZ6Z5
tem perature. 'The trap labeled M E3 in Fig. 1 is ,__ _ __ _ _ __, _ _ _

attributed to the DX-center commonly 100 20 300 400
observed in silicon doped AIGaAs [Yamanaka TEMPERATURE (K)
1987, Lang 1979, Yamanaka 1984a]. As seen in
the figure, its concentration is independent of
the substrate misorientation. In contrast, the Fig. 1. Typical DLTS spectra
concentrations of the other two dominant showing electron traps for
traps (ME5 and ME6) are observed to be a growth run D1 as a function
function of the substrate misorientation. The of the intentional substrate
concentrations of these traps are smallest for misorientation off a nominal
the substrate misoriented 60 towards (111)A (001)surface.
and largest for the substrate misoriented 60

A-II -ND 04-I- *



Fig. 1 inuiiates that a ubstrate tilt toward 4c,
(111)A results in a lower concentration of 2
deep-leveis than tilt toward (111)8. To % 4E3
investigate the significance of the angle of tilt 3--

toward (111)A growth run 02 was performed. -
In Fig. 2 the concentrations of levels ME3, ME5, z
and ME6 are plotted as a function of substrate 2
tilt angle toward (111)A. As seen in the figure, ! Z
the concentration of level ME3, which is - I
related to the DX-center, is independent of z
substrate titlt angle consistent with growth z 10k
run D1. However, the concentrations of levels ( 0"-
ME5 and ME6 progressively decrease as the tilt
angle increases. Fig. 2 indicates that a > 5
substrate titlt toward (111)A can improve the Al
electrical quality of MBE grown AIGaAs in T 0RWT M G;O6C
comparison to material grown on a nominally
flat substrate at 6100C. 6

DEGREES OFF (COO
A comparison between the effect of the tilt TOWARO (I1)A

angle and tilt direction on the deep-level
concentrations can also be made for a higher Fig. 2. Electron trap concen-
growth temperature of 6251C by plotting the trations of ME3, ME5 and ME6
deep -level concentrations for growth runs D1 for growthrun 02 as a function
and D3 versus substrate tilt. This is done in Fig. of the angleof tilt off (001)
3. As can be seen in the figure, trap level ME3 toward (11 1)A.
is again independent of substrate tilt, while
trap levels ME5 and ME6 are dependent on the
tilt angle and tilt direction. As the tilt angle
toward (111)8 progressively increases, the
deep-level concentrations of ME5 and ME6 also 8
progressively increase. This effect is in contrast 'E
to tilt toward (111)A where a larger tilt angle u 7
improves the electrical quality of MBE-grown t-
AIGaAs. 6 6

vR

0 RCW RUN0In Figs. 4a,b, and c the dependence of the deep- z 5 . =,# RUN 01
_ • ¢= WNI". RN 03

level concentrations of ME3, ME5 and ME6,
respectively, on AI 0 25Ga0. 75 As growth \
temperature and tilt angle toward (111)A are W

plotted. As can be seen in the figures, all three 5 %

trap concentrations are a minimum at 625°C in
comparison to 610 0 C or 650 0 C. In addition, >
even at the highest growth temperature
(650 0C), the trap concentrations (ME5 and ME6) T .
are still a function of the substrate tilt angle. T o 25C _ I

CONCLUSION ( tI)a (I I1)
The influence of a substrate tilt off (001) during SU8STRATE TILT OFF (001)
MBE on the incorporation of deep electron
traps has been investigated. Tilt toward (11 1)A
reduces the incorporation of ME5 and ME6, Fig. 3. Electron trap concen-
whereas tilt toward (111)B increases the trations of ME3, ME5 and ME6
incorporation of these deep levels, in for growth runs Dl and D3 ascomparison to nominally flat substrates. The a function of the substrate tilt
DX-center (ME3) concentration is independent angle and tilt direction off
of substrate tilt. (001).co p rs n t o i al l t stta e , h ci n o es b t a etl
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Figs. 4a, b, and c. Concentrations of ME3, ME5 and ME6, respectively, as a
function of AIGaAs growth temperature and substrate tilt angle off (001)
toward (11 1)A.
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A high-gain short-gate AIGaAs/lnGaAs MODFET with 1 amp/mm current

density

G.W. Wang, Y.K. Chen, D.C. Radulescu, P.J. Tasker and L.F. Eastman
School of Electrical Engineering and National Naofabrication Facility

Cornell University, Phillips Hall, Ithaca, NY 14853

ABSTRACT

Quadruple heterojunction MOOFETs (Modulation Doped Field Effect
Transitor) with a planar-doped lattice-strained AIGaAs,'lnGaAs structure
have been fabricated and characterized at DC and microwave frequencies.
At 300 K the 0. 3 -v gate devices show a full channel current of 1100 mAlmm
with a constant extrinsic transconductance of 350 mSimm over a broad gate
voltage range of 1.6 volts. Excellent microwave performance is also
achieved with a maximum available gain cut-off frequency (fmag) Of 110
GHz and a current gain cut-off frequency fT) of 52 GHz. This is the highest
current density ever reported for either GaAs MESFETs or MODFETs along
with excellent high frequency performance.

Single heterojunction AIGaAsiGaAs modulation doped field-effect transistors
(MODFETs) have shown excellent microwave performance especially for low
noise application [Berenz 19841. Because of a limited sheet charge
concentration of less than 1012cm-2 per heterojunction, multiple heterojunction
MOOFETs [Saunier, et al. 1986, Gupta 1985] were then investigated to increase
the current driving capability and consequently improve the power
performance and switching speed. Recently the AIGaAs/InGaAs
pseudomorphic MODFET has shown better performance than the AIGaAs/GaAs
MODFET (Chen, et al 19871. The larger band discontinuity and better transport
characteristics in the AIGaAslnGaAs system have resulted in higher two-
dimensional electron gas (2DEG) concentrations and higher current density.
Among the highest current densities reported to date are 600 mAjmm from six-
fold AIGaAs/GaAs heterojunctions [Saunier et al 19861 and 610 mA/mm from
strained-layer AIGaAs,'InGaAs double heterojunctions [Chen et al 1987].

We reported double heterojunction AIGaAs/GaAs/AIGaAs MODFET
structures with two silicon planar-doped layers [Chen et al. 1 986a]. This planar
doping technique provides good charge control of the 2DEG sheet densit.
Little light sensitivity at 77K is observed due to the much reduced heavily
doped AIGaAs region. In this paper, we report the fabrication and
characterization of planar-doped AlGaAs/InGaAs pseudomorphic quadruple
heterojunction MODFETs with high current density and high cut-off
frequencies suitable for microwave and millimeter-wave power app.ications.

As shown in Fig. 1, the device layer structure is grown by MBE on a semi-
insulating undoped LEC GaAs substrate. The structure consists of two
AIGaAs/InGaAs/AIGaAs quantum wells with three silicon planar-doped AIGaAs
layers. The silicon sheet densities are 6x10 12 cm- 2, 3x10 12 cm-2 and 1x10 12 cm-2

respectively. The details of the growth conditions were similar to those
reported in (Chen et al 1987].

© 1988 lOP Publishing Ltd
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The grown wafers were fabricated with a recess-gate FET process. Mesa
isolation was performed by wet chemical etching. the source and drain of the
device were defined by optical lithogrpahy with a mid-UV contact aligner.
Ni/AuGe/Ag/Au contacts were subsequenty evaporated and alloyed at 4750C
for 15 seconds with a rapid thermal annealer. A specific contact resistivity of
0.05 ohm-mm was obtained from the transmission line measurement. T-shape

ates with 0.3-im footprints were defined by electron beam lithography and
Illowed by TiiPd/Au metalization. A PMMAJP(MMA-MAA)/PMMA triple layer

el#ctron beam resist system has been developed to obtain fine line width, high
aspect ratio, and good lift-off profile [Wang, et al 1987]. These lead to a T-
shaped gate with small gate length and low gate resistance which improves
the high frequency performance of the device. The measured DC end-to-end
resistance is typically 120 ohm-mm.

The room temperature current-voltage characteristics of a 0.3 x 100 laim device
is shown in Fig. 2. A drain saturation current of 1100 mA/mm is obtained at a
gate voltage of IV. The high current density is the result of the high 2DEG
concentration in the InGaAs channfls. The MOOFET of 0.3-um gate length
shows very good output conductance owing to good carrier confinement in the
pseudomorphic quantum-well structure. A constant DC transconductance of
350 mS, mm is obtained over the gate voltage from -1V to 0.6V as shown in Fig.
3. The low transconductance variation is essential for low intermodulation
distortion in power applications as reported in [Gupta et al 1985]. The gate-
drain breakdown voltage is 6 to 7 V. Fut,.her optimization of the layer structure
is required to achieve high current and high breakdown voltage
simultaneously.

400 A G64= (2 x 1019 cm-)'

S!O pOnaV-0. (S 10", aci-'

30 A W~ap AliaaA spce

173 A i i Wd
t4-0-3 urn

so A AkfPda&A A4 WSW x

9 p4adW-d@@. (3 x 10'1 cm- -

20 1 wcdoped A~,sGa..,h. spo

175 A bI.GMAS Quantulm W*4 -

50 A ndogd A1, soew

S1 piaar- ed (0 x 10'% m-1)

T00 A undoo4o A1.,v ,a.t 8op -

10.000 A A~~tA/4 suottles

S

G44 0.00 0.40 0.80 1.20 1.60 2.00
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Fig. 1. Layer structure of the quad. Fig. 2. Current-voltage characteristics
ruple heterojunction AIGaAs/InGaAs of a 0.3-pjm gate MOOFET.
MOOFET.
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Microwave S-parameter measurements have been performed for various bias
conditions from 0.5 to 26.S GHz with microwave wafer probes and an H.P 8510
automatic network analyzer. Fig. 4 shows the close agremeent between
measured and modeled S-parameters at V = 0 V and V = 2 V. Power gains
from measured S-parameters are depicted in Fig. S. Acurrent gain cut-of
frequency (fMAG) of 110 GHz can be extrapolated. Intrinsic fT calculated by
using the equivalent cirucit and fT = gm/2 1C s is 57 GHz. which is reasonably
close to the one by extrapolation. The stabili% K factor is less than unity over
the whole measurement frequency range. A carrier density as high as
6.Sx012cm-2 can be derived form a drain current of 870 rnmimm at a gate bias
of 0.65V where an fT of 44 GHz is measured.

In summary, we have demonstratd that extremely high current as well as
excellent microwave characteristics can be achieved from a short-gate
quadruple heterojunction pseudomorphic MODFETs. The 0.3 Win gate device
shows a full chugniiel current of 1100 mA/mm with an fT of 52 GHz and an fMAG
of 110 GHz. This is the highest current density ever reported for microwave
FETS. It indicates that short-gate multiple-h terojunction pseudomorphic
MOOFETs may be of great importance in millimeter-wave power applications.

........ ...
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FIG. 3. Transconductance and current Fig. 4. Measured and modeled
vs. Vgs at Vj, = 2V. S-parameters at Vgs = OV and

Vds = 2V.
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Influence of an intentional substrate misorientation on deep electron traps in
AIGaAs grown by molecular beam epitaxy
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Deep level transient capacitance spectroscopy has been used to investigate deep level electron
traps in thick silicon-doped AIGaAs grown by molecular beam epitaxy (MBE) on GaAs
substrates intentionally misoriented (tilted) a few degrees from a nominally (001) surface. Of
the three dominant traps observed in AIGaAs, the concentrations of two of these are observed
to be a direct function of the substrate tilt angle and tilt direction. The concentration of the
third dominant trap, which is related to the DX center, is independent of substrate
misorientation during MBE. These observations will help in identifying which impurities and/
or defects are affected by substrate misorientation during MBE growth in addition to
identifying the origin of deep levels in AIGaAs.

Recently, there has been interest in the study of the ef- um on the molybdenum mounting block. The substrate tem-
fect of an intentional substrate misorientation of a few de- perature during growth of the AlGaAs was 610 and 625 *C
grees (0"-12") off (001) during molecular beam epitaxy for growth runs A and B, respectively, while the GaAs was
(MBE) on the resulting material properties of AIGaAs/ grown at 610 C for both growth runs. The growth rates of
GaAs heterostructures."- It has been shown that the optical, GaAs and AIGaAs were 1.0 and 1.33/jm/h, respectively.
electron transport, and morphological properties of Reflection high-energy electron diffraction (RHEED) pat-
AIGaAs/GaAs heterostructures can be improved if the terns taken along the (110) azimuth exhibited second- and
GaAs substrate is misoriented a few degrees toward ( 111 )A, third-order reconstructions for the GaAs and
in comparison to nominally flat (001) substrates. - How- Al, z5Gao 75 As, respectively. Two arsenic sources (As,)
ever, the effects of such a misorientation on the deep level were used for GaAs growth, while one was used for AlGaAs
electron trap concentrations have not been investigated al- growth, resulting in V/II beam equivalent pressure ratios
though they are a fundamental and important material pa- determined by an ion gauge in the growth position of = 19
rameter in A1GaAs/GaAs heterostructures. In this letter we and II, respectively. Growth runs A and B were performed
use deep level transient capacitance spectroscopy to investi- within a 4-h period under identical growth and vacuum con-
gate deep level electron traps in thick silicon-doped ditions except for the specified growth temperature. Follow-
Alo,.Ga,., As grown by MBE on GaAs substrates misor- ing epitaxial growth, conventional 600-,im-diam diodes
iented (tilted) from nominally (001) surfaces. We have var- were fabricated. Deep level transient spectroscopy (DLTS)
ied the substrate tilt angle (0*. 2'. 3 . and 60) and tilt direction measurements were performed with a system described pre-
[off (001) toward (111 )A, (Ill)B, and (011)] and have viously.' The diodes were reverse biased at 2.5 V with a trap
observed that deep level concentrations can depend upon the filling pulse of 3.0 V for 2.5 ms. DLTS spectra were genera-
substrate tilt in a consistent manner. This observation will ted using the capacitance transient data at 4 and 20 ms.
help in identifying the origin of deep levels in AIGaAs since Typical DLTS spectra of electron traps in the silicon-
only recently have their origins been investigated/dis- doped AIGaAs structures from growth run A are shown in
cussed.6 7 In addition, the dependence of deep level concen- Fig. 1 for three different substrate misorientations: 60
trations on substrate tilt will help in identifying which im- towards ( Ill )A, 6* towards ( Il l )B, and 2' towards (0 11 ).
purities and/or defects are affected by substrate The spectra show the existence of seven electron trap levels
misorientation during MBE growth. 5  labeled ME1-ME7. These traps have been previously ob-

The structures used in this study were grown by MBE servedQ and the labels (MEI -ME7) have been adopted
on semi-insulating liquid encapsulated Czochralski (LEC) from Ref. 6. In this letter we concentrate on the properties of
grown GaAs substrates cut either 0°, 2, 3", or 6" - 0.50 off the three dominant electron traps (ME3, ME5, and ME6)
the (001) plane towards either (111 )A, (111 )B, or (011 ). observed in the spectra. The trap labeled ME3 in Fig. I is
The structures consist of a 7500-A GaAs buffer layer doped related to the commonly observed DX center in
with silicon at l X 10S cm - followed by 2000 A of 2 x 10 "' AIGaAs. 6

.
9'. t As shown, its concentration is independent of

cm- 3 silicon-doped GaAs, 2500 A of 1.5 x 10" silicon- the substrate misorientation. In contrast, the concentrations
doped Alo,,Ga,,,As, and finally a 100-A undoped GaAs oftheother two dominant traps (MES, ME6) shown in Fig.
cap. For each growth run (A and B), three substrates with I are observed to be a function of the substrate misorienta-
different orientations were mounted side by side, using indi- tion. The concentration of these traps is smallest for the sub-

strate misoriented 6* towards ( III )A and largest for the sub-
strate misoriented 6" towards (I I)B. A substrate

"Present address: Instituteof Optics University of Rochster. Rochester. misorientation of 2" towards (011) is seen to result in an
NY 14627.

" Visiting Cornell lecturer, permanent address: MIT Lincoln Laboratory. intermediate concentration.
Lexington. MA 02173. Figure 2 shows the trap concentrations of ME3, ME5,



It should be pointed out that the free-electron densities

6 TOWARD (II )A determined by capacitance-voltage measurements at 300 K
for both growth runs (A and B) were independent of sub-
strate tilt angle and tilt direction. This is an indication that

2TOWARD (0Oil) silicon incorporation during MBE growth of AIGaAs does
ME 3 not depend upon the surface step structure for our given2EME- i E  doping densities, growth conditions, and tilt angles/direc-

< ME4 I tions.

SME6 The trends observed in Figs. l and 2 as the tilt angle and
05 IxIOm-3  6*TOWARD tilt direction are varied are consistent with the previous stud-

(C 018 ies of the effect of a substrate misorientation on the optical,

electron transport, and morphological properties of
AlGaAs/GaAs heterostructures.'' The growth of AIGaAs
on substrates misoriented toward ( I )A resulted in higher
purity material in comparison to material grown on nomi-

M oGcox5 s nally flat (001) substrates or substrates misoriented toward
",ROW TH 625 °C (I1l )B . In co n tras t to p ho tolu m in escen ce an d electro n

i00 200 300 400 transport measurements, we do not observe there to be an
TEMPERATURE (K) optimum angle of substrate tilt toward ( 111 )A (between 0 °

FIG. 1. Typical DLTS spectra showing electron traps for growth run A as a and 6*) to minimize defect/impurity incorporation during
functionoftheintentionalsubstratemisonenationoffanominal (001) sur- MBE growth. This may be an indication that the optimum
face. angle of substrate tilt toward (I I I)A during growth is a

function of the layer structure, growth conditions, and/or
and ME6 versus substrate tilt angle (0-6*) toward ( I I I)A background impurity concentration in the MBE machine. -
for growth run B. The substrate temperature during this The identification of the defects and impurities which are
growth run was 625 °C. in contrast to growth run A where it affected by a substrate misorientation during MBE growth is
was 610 'C. The three dominant traps for growth run B are not fully understood.' In addition, the fundamental origin of
still ME3, ME5. and ME6. Traps MEL, ME2. ME4, and the deep electron traps (MEI-ME7) observed in AlGaAs is
ME7 show up in concentrations similar to growth run A. As also not fully understood.' As a result, the trends observed in
shown in Fig. 2, the concentration of trap ME3, which is Figs. 1 and 2 will help in identifying the defects and impuri-
related to the DX center, is independent of substrate tilt an- ties which are affected by substrate misorientation during
gle. consistent with growth run A. Also, the concentrations N4BE growth in addition to identifying the origin of deep
of traps ME5 and ME6 progressively decrease as the tilt electron traps in AIGaAs.
angle toward ( I 11 )A increases, indicating that a substrate It has been su ggested ' that electron trap M E 5 is asso-
misorientation toward (II )A during MBE growth of ciated with oxidation of the arsenic source material. It is
AIGaAs can reduce the deep level electron trap concentra- important to realize that we observe the concentration of
tions. trap ME5 to be a function of the substrate misorientation. As

a result, if trap ME5 is associated with oxidation of the ar-
" 40 senic source material, then the incorporation of the impuri-

'ties/defects which result from the arsenic oxide would have
ME3 to be a function of the substrate misorientation. Substrate

, 35 misorientation towards ( 11 )A would have to decrease the
_ incorporation of the impurities/defects which result from
2 the arsenic oxide in comparison to nominally flat (001) sub-

1 strates, or substrates misoriented towards ( Ill )B.

I- It has been suggested that electron trap ME6 is associat-
z ME6 ed with a complex of a gallium vacancy and an oxygen

0atom 6' or a gallium interstitial.'" As was the case with trap

U ME5, we observe the concentration of ME6 to be a function
W of the substrate misorientation. As a result, if trap ME5 is> 5!

r associated with a complex of a gallium vacancy and oxygen
A10 25Ga0or 5As atom or a gallium interstitial, then the incorporation of these-I I OS TGROWTH '610*C defects would have to be a function of the substrate misorien-

o Jtation. It is interesting to note that we have previously ob-
0 3 6 served, using photoluminescence, that the incorporation of a

TOWARD (III)A defect/impurity complex at 60 meV from the band edge was

FIG. 2. Electron trap concenhrations of ME3, ME. and ME6 for growth a function of the substrate misorientation.' It would not be
run B as a function ot the angle of the intentional substrate misorientation unreasonable to expect that substrate tilt during MBE would
off (001) toward ( l)A. afrect the concentration of interstitials since the average ter-
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A HIGH PERFORMANCE 0.12 um T-SHAPE GATE Ga0 . In0 .5As/A0.5 In0 .5As MOOFET

GROWN BY MBE LATTICE MIS-MATCHED ON A GaAs SUBSTRATE
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ASSTRACT
dislocation densities was ooserved after growing a 0.5-

we report on the first successful fabrication of high ,m thick superlattice buffer layer. In this work,
performance GainAs,'AlInAs MODFETs of 0.12 um gate GalnAswAlInAs MODFETs of 0.12 ,m T-shaoe gates were
lengtri grown lattice mismatched on a GaAs substrate. grown and fabricated on a lattice mismatched GaAs
.4 peak extrinsic DC transconductance of 585 mSimm substrate with a 1.8 urm suoertanice buffer layer. Their
and a saturated channel current of 370 mA/mm are performance was evaluated through DC and
acnieved at room temperature. A high unity current microwave tests. It was found that very good MODFET
gain cut-off frequency fT, of 107 GHz has been performance could be demonstrated with the
demonstrated. Parasitic conduction which may be the combination of short gate-length and the excellent
result of the dislocations present under the large-area electronic prooerty ot the GainAs/AlInAs material
F:T bono:ng ;ads and possibly under the active FET system without the constraint of growing on a lattice-
c;anne. however, serserely limits he zeak fmax to 125 matched substrate.

i rj 7RO DUCTO N

Gallium arsenide MODFETs (Modulation-Ooped Field- MATERIAL GROWTH AND LAYER STRUCTURE
:ffect Transistors) have demonstrated excellent
microwave performance with very high cut-off The MOOFET layer structure, as shown in Fig. 1, was
frequency and very good low-noise performance [1]. grown by M8E on a semi-insulating GaAs substrate in
On the other hand, Al 0 48lnoS2As/Gao 4 71nos 3 As the following sequence: 1.3-.m AllnAs/GalnAs
MODFET structures latice matched to InP have many (30AAlO) superlattice buffer, 300.4 undoped GalnAs
acantages over Vie AIGaAsiGaAs or the strained channel, 25A undoped AlInAs soacer, silicon planar
'ICaAsilnGaAs systems, such as suoerior electronic dooing layer with a density of .4 x 1012 cm- 2 , 250 A
:ransport [2, !arger conduction band discontinuity at undoped AIlnAs layer, silicon planar doping layer of
ne hetero-inter-ace [31, higher doping capability in 2x101 2 cm-2, ICA AlInAs layer, and 150 A GalnAs cap
,lHnAs [4[, and hence nigher sheet electron layer with a silicon doping density of Ix10 1 9 cm-3. The

concentration at the interface. A high DC trans- thick superlattice buffer layer is needed to reduce the
conductance of 650 mS/mm and a very high unity dislocations penetrating into the active channel region
current gain cut-off frequency (fT) of 85 GHz in a 0.3- from the lattice-mismatched bufferisubstrate interlace.
Arn MOOFET have been reported (S1. Since most The 250.4 AlInAs layer is undoped to reduce the gate
commercially available semi-insulating InP substrates leakage current. The highly doped GalnAs cap layer
are heavily compensated by ions and too fragile to be was initially designed to provide possible non-alloyed
incorporated into the more established GaAs ohmic contacts for the source and drain of MODFET
integrated circuit processes, it would be desirable to and demonstrated previously (61. However, the
integrate high performance GalnAs/AInAs devices on potential barrier from the ungraded n - -GalnAs/AlI n A s

GaAssubstrates hetero-interface together with the undoped AlInAsGa~s ubstrtesregion made the ohmic alloy necessary
Lattice mismatched growth has been avoided in the

traditional heterostructures to prevent large numbers A -mall number of dislocations from the lattice
of dislocations from deteriorating the electrical mismatched buffer/substrate interface do propagate
properties of the grown epitaxial layers. We have into the top active MODFET layers. Fig. 2 shows the
studied the feasibility of MBE grown GalnAs/AInAs micro-photograph taken near a local dislocation cluster
structures on GaAs substrates [6r. A GalnAs/AIInAs by a Transmission Electron Microscope (TEM). As can be
superlattice buffer layer was used to reduce the seen clearly in Fig. 3 some of the dislocation clusters
propagation of dislocations resulting from the 3.8% gather together to form micro-cracks on the surface of
mismatch in the lattice constants between the buffer the grown wafer in the fabricated MODFET bonding
layer and GaAs substrate. Dramatic reduction in sheet pad areas with an optical Nomarski microscope.
*K. Kavanagh is with the Massachusetts Institute of

Techno I ogy.
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-EIC FABRICATION GHZ steps at various gate bias voltages and a Vds ofDEVIEi.SV. The microwave behavior of the MOOFET can be
The grown wafers were fabricated by a recess-gate FET represented by the equivalent cirucit model (Fig. 7)

procss.Devie iolaion as chived y bron derived from the measured S-parameters. Because of
procss.Devie iolaion as c ived y bron tne very small gate dimension of 0.12 x 100 urn,

implantation. Leakage current as low as 80 uA was extrinsic device parasitics such as bonding pad
measured between two undamaged islands under an capacitance could be significant compared to the
acioliecl potential or 4WV. After the source and- drain intrinsic device parameters such as Cgs. 8,y fitting bias-
regions of the device were defined by optical deeen -amtrstsoth*vOFTote

lithgrahy itha cntat algne, N/Aue/A/Au equivalent circuits , we are able to separate the bias-contacts were subsequently evaporated. The specific niieoendent device parasitics. such as t.g, Ld, Ls Cg, Cd1contact resistivity was measured to be 0.7 ohm-mm by dfld Rg, from those bias-dependent elements easily and
transmission line measurements before the alloy accurately. Fig. 8 shows the plots of the measured and
process. This non-alloy ohmic contact was made modeled S-parameters at a Vgs of 0.0V and Vd Of 1.5V.
possible by the hignly doped GalnAs capping layer and it shows a very smooth measured data and the errors of
rie silicon doping plane ju!,t 10A below the ntng is withlin3%oeth5toZ zfrqnc
GainAs;AllnAs heterointerface. To further reduce the raie.tt bl I sover tne o set of fequ ncui
contact resistance. thne wafer was alloyed at 400oC for ornge s Table i dhows two set of equaent ircuit
10 sac witr a racia :nermal annealer. The specific : barameerd wr the data in set A is taken aivCFt hih g
contact resistivity aeceases to 0.02 ohm-mm. After the )'f Tw n aai i etistorsn nae toFE be ncn- t
snort low-temperature alloy cycle the ohmic metals still 3:e gto anun praitionesistors hav oe o adde to

maitai god urfce oraoigy nd har eges goo fit to the measured Si I and S22 data. This
which are essential for electron beam lithogrpany used represents the pnysical existence of parasitic leakage
for gate definition in later steps. paths described previously.

T-shaped gates with 0.12 urn footprints were defined From the measured S-parameters and fitted equivalent
oy electron beam Ithography with a PMMAiP(MMA- crutmdlprmtrvrosfgur-f eissc
MAA)IPMMA tricie layer resist system (7]. Fig. 4shows rutmoepamtevrisfgref-rtsuc
:ne 7-shaoiec gate azter evaporation and lift-off of Ti thnt uretgi u-ff frequency Cfr)an

Pd/A. Te fotornt f th gae is120nm aximum availaole gain cut-off freqluency (fmaxM181 canneght us moe otorant of tme gte enc-1o-end while te derived. Because those figure-of-merits are bias
resist ~ ~ ~ ~ at aeo encent r[1 F :.9snvsfn n h

reisance cif -:-e device is 160 ohmlmm whicn is .' maanth
cetermined oy DC resiszance measurement ania verified ca3icuiatea intrinsic ;.~ at1 various gate biases. A
by microwave S-paramete, -measurements. The Maximum of 107 G1z s ooitained at a gate bias of 0 V
r eduction of gate resistance is very imoortant for the 'vnere tne DC transconoauctance is also maximized.

ganand noise performance of %10DF---s at hih ecause the MOOF--T is not stable over the
9am highes measurement range uo to 26 Gi-~z, fma. is extrapolated

rreqencts.from the fittec equivalent c;rcuit moodl. The intrinsic
DC RESULTS device ;max without external parasitics cnb

calculated witn the equation
Fig 5 shows the drain I-V cnarac:eristics o- a 0.12 x 25 -~ /i9.R ,,~ :77Q .gIR S
,.m MODFET at room trmolerature. The maximum r~ .y ~ CR ~
criannei current is 370 mAmm at a Vds of 3V. Fig. 6 .-4ilcrl is dlerived from tre ecuivalent c~rcuit model in
shows the oiots of g,~ ani ld versus Vg at a drain oias
of 3 -'V The maximum extrinsic gm or 585 mS/mm Is Fr . 7 [1 : maximumn - o; 125 GHz and a calculatec

demostrtedat a gate bias of -0.3%/. However, tnere is maximum intrinsic ma7 orv h39gnaeotind hs~mai aount . riurnoe's are exceotionaV .i' ror these greatl,'a saiiamontor suoszrate Current, on tre orcer or mnismratcrea materiais arc non-cotimized lattice-
aooum. 7%o of trte rull criannei current. whnicn can not be ,:mtnago .icniins Thswr
modiuiatea ov tne Scnottky gate. When tne aevice is amosates gri ot cnitions Thciisi worK
coo~ec 3own to 77K, this current is reauced but not emoratces teptenti o.-an naericing huaigh

eiimintec cmpe~ei. metrolunciion s-tructures vttriou- locating a higm
7his suostrate current is probably the result of the aitsutrCofiirlaiecntn.
comoined? leakage currents tnrough tne remaining
oioccations unoerneat nc active MOOF--T7 crianne,
anc; ,me disicica'.icis.microcrac~s surraced in me laro;,
tDonoing pac arez Microwave measurements, as S,,MMARY AND CONCWUSIONE_
ceicrioec in tne next oaragrapn, aiso reveai tr-!
existence of tnese leakage Paths wnicn lower the vvz nave grown and iaoricated InGaAs/AllnA
avaiiable power gains delivered by the intrinsic rv1ODFETs lattice mismatcnied on a GaAs suostrata.
MOOFET at high frequencj_ Substantial reduction in the amount of dislocations

propagated to the too epi-layers is achieved by
growing a 1.8-iirn thick superlattice buffer layer, and
the device-quality wafers are resulted. Developments
of new processing technologies, such as using planar

MICROWAVE PERFORMANCE boron implantation and tri-level electron-beam resist
system, yield much improved device performance of

Scattering parameters were measured on an 0.12 x 100 the fabricated 0.12-urn MODFETs through the
urn MOOFET by an HP8510 automatic network analyzer reduced gate lekage current and gate resistance. A
with a pair of wafer probes from 0.5 to 26.5 GHz in 0.5 peak extrinsic DC transconductance of 585 mS/mmn and

17.7
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[7a saturated channel current of 370 mA/mm are
achieved at room temeprature with a very high fT of _____________

107 GHz from microwave measurements. ,

The maximum available gain cut-offeuny fmax Of ....... . ...... ~ -...
:15 Gr-z. is Prooabiy limited by dislocations and micro- ~ *~'

rjcxs presenlt under the active channel and large
ocinding pacs. Nevertheless, an intrinsic device fmax of
2 9 Gi-z can be calculated from the fitted equivalent ................-..
z:rcu;it model. The future improvements in the growth -

tecnniqueS with further reduction in the dislocation
d3ensity in the active epi-layers would bring various ~'"
theoretical heterolunction devices to life and integrate
nem with the existing high quality substrates such as 'A :

GaAs ana Si._____________

-e~ autriors wvould like to acknowlecge the tecninicai ______________
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Nianofarication Facility. We also thank General Electric -ae s z i-c.-ev a grown iattice-

'rismatcnea on a Gd- sosx.-3e mv MSE..:moany, CE eronics Laboratory, Syracuse, NY) for the
Sof microwave testing equiPMents. rhe work is
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Comparisons of Microwave Performance Between
Single-Gate and Dual-Gate MODFET's

Y. K. CHEN, G. W. WANG, D. C. RLADULESCU, AND L. F. EASTMAN. FELLOw, IEEE

Abstract-1.2.tim and 0.3-ur gate length n'-GaAs/InGaAs/n'.Al, .
GaAs double-hezerojunction MODFET's have been fabricated with I

single-g te and dual.-ate control electrodes. Extrinsic dc transconduct. L-o..3 um
ance of 500 mS/mm has been achieved from a 0.3-1&m single-ate w-100 urm
MODFET. The device also has an fr of 43 GHz and 14-dB maximum o v1,-2.cv
stable gain (CNSG) at 26 GHz with the stability factor k as low as 0.6 from V,,(,,,z)-1.OV
the microwave S-parameter measurements. At low frequency. dual-gate . Vu,(s.)--o.2V
MODFET's demonstrate higher gain than the single-g-te MODFETs. 5
However. the stability factor of dual-gate MODFET's reach unity at a
faster rate. Power gain roll-off slopes of - 3. - 6. and - 12 dB/octave
have been observed for the dual-g-te MODFET's. 6J

I. INTRODUCTION - ,-,

(" aAs dual-eate MESFET's play very important roles in /,
k.J'various high-perform.ance microwave circuits such as
variable gain control stages for both low noise and power 0.0 ,.0 2.0 .C '.0 5.0

amplifiers [1]. active phase shifters [2]. and mixers [3]. The Drain-to-.urc v.itcg. C/

advantage of the dual-cate structure comes from the added Fie. 1. Drain current-voltage characterstics of a 0.3 x 100-j.m dual-gateNIODFET wij% V,. = 2.0 V.
functionalities obtained by integrating two independent FET's
in a compact manner. Compared to the sing!e-gate FET. a

- a structure has been found to be .er .effective in reducing thedual-gate FET of the same gate length provides the same input short-channel effects [S].impedance with higzher- output impedance. higher RIF powersh -hanlefts[]ipedance wih hihr uuted imcpeanitcs .hier powe The grown layers were then fabricated with a conventional
gaIn, and much reduced fee:dback parasitics [4]-[6].

Single-gate MODFET's have demonstrated excellent micro- recess-gate FET process : mesa etch. Nii'AuGeIAg/Au ohmic
contact alloyed at 450"C for 10 s, gate level lithography,

wave performance with lower noise and higher cutoff fre- a
quecy than GaAs MESFETs [7]. However, the dual-gate recess etch of the capping layer, and Ti,'Pd/Au gate metalliza-

MODFET has not been studied widely for microwave circuit tion. A specific ohmic contact resistance R: of 0.05 f2mm
applications. In this paper. we report the fabrication and was obtained from the transmission line measurements. The
characterization of single-gate and dual-gate MODFET's on gate lithography was performed by using either a mid-UV
the same wafer. Their dc and microwav contact aligner for 1.2-/Am gate length or electron beam direct
also compared and analyzed. writing for 0.3-jum gate length. A PMMA/P (MMA-MAA)/

PMMA triple-layer resist system has been developed to reduce
II. LAYER STRUCTURE AND DEvicE FABRICATION the resistance of submicrometer gates [9]. The gate 1-to-

The pseudomorphic double-heterojunction structure is source, gate-to-drain, and gatej-to-gate: spacings are 0.75,
grown by MBE on top of a semi-insulating LEC substrate in 0.75 and 2.5 um. respectively. The large separation between
the following sequence: 5000 A of superlatice buffer layer, two control gates is necessary to reduce the proximity effect in

50-Aundoped GaAs, silicon doping plane with a density of the electron beam lithography.
2 x 10'1 cm- 2, 85-A undoped GaAs, 2(.-A undoped InGaAs III. DC CHAACTEsnics
channel, 30-A undoped AIGaAs spacer, silicon doping plane
of 6 x l0 - cm- 2 , 250-A undoped AlGaAs, and 400-A Fig. 1 shows the dc drain I-V characteristics of a 0.3 X
GaAs capping layer with a silicon doping density of 1 x 0 is 100-jim dual-gate MODFET with the second gate biased at 2
cm-3 . The mole fractions of aluminum and indium are 30 and V. It shows a very good dc output conductance, similar io
15 percent, respectively. The superlattice buffer in this dual-gate MESFET's [5]. When the drain is biased below 1.3

V,- the forward conduction current through the second gate
Manuscript received August 24. 1987. This work was supported in part by causes abnormal behaviors in the I- V characteristics. The

the Joint Servie Electronics Program. by General Electric. and by the Office dependence of dc transconductance gm and drain current Id on
of Naval Research. VI and .2 with the drain biased at 4 V is shown in Fig. 2.

The authors are with the School of Electrical Engineering. Cornell The envo of the crves cosd s to Fg v u
University and National Nanofabrication Facility. Ithaca, NY 14853. The envelope of the g. curves corresponds to the g. versus V.

TVI!F I , N,,ms~r RiIQ-1f curve of a single-gate MODFET. g, of the dual-gate
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C 00

from the equivalent circ-dit model [5]. where g~.~.R 0 . ±

and R,, are the -transcorductances and output resistances of *

*the FET I and FET2. From (1). g,,of the dual-2ace NIODFET 0

*is always lower than that of the corresponiding single-gate
MFET. A peak g,,, of 303 mS,'mm and a full channel

current of 535 mAimm are obtained from a 0.3 x lOO-Am -12 e.lo.

dual-gate %IODFET while the sin~le-gate MODIFET shows a
peak g of 500 mS,'mm. To obtain a precise current-voltage 3 10 50 100

relation. Id( V1 . V,,, V1.). a computer program is usually v
required [5]. Fig 4 Power cains versus ofui'z i snc~e-2atc ISC) MO'1DFET an~d

dual-iate iDG) MODFL-7 of 1.2-Urn Cate lenvh.
[IV. \l:CRQWAVE PERFORMANCE

S-parameters from a 0. 3-jm dual-gate MIODFET are (MNAG), and short-circuit current gain (It:,) are calculated
plotted in Fig. 3 together with those from a single-gate from S parameters and are depicted in Fig. 4 for both single-
MODFET on The same wafer. The S-parameter measurements gate and dual-gate MODFETs with 1.2-M~m gate length.
were performed from 0.5 to 26.5 GHz with microwave wafer Current gain cutoff frequencyf7- as high as 21.5 0Hz and an
probes. The second gate of the dual-gare INODIFET is RF MAG cutoff frequency f.,tAC of 57 GHz can be extrapolated
terminated by a 50-f2 load for broad-band two-port characteri- from the 1.2 -Mum single-gate MOD1FET. At frequencies below
zation. This avoids the potential instability of the device over 5 0Hz. the stability factor k of the dual-gate IVODFET is less
the whole measuring frequency range. It shows almost than unity and the IMSG is higher than the single-gate
identical S, curves because the input impedance is dominated MODFET and is decreasing with a - 3-dB/octave slope.
by the first gate. The magnitude of the S1, curve of dual-gate Moreover, the dual-gate MODFET is stable above 5 0Hz with
MODFETs is reduced dramatically from those of single-gate the MAG decreasing, with -6-dB/octave slope until 12 0Hz.
MODFET's because of good isolation between input and The MAG slope switches to - 12 dB/octave above 12 GHz.
output by the second gate. The magnitude of S~ curves of The k factor of the single-grate MODFET becomes greater
dual-obite MODFET's is higher because of improved overall than unity at 9 0Hz, and then the MAO decreases with a - 6-
output impedance. Greater phase shift of S~j is introduced by dB/octave slope. In short, the dual-gate MODFET is more
the extra delay from the second FET. Improved output stable and provides higher gain than the single-gate MODFET
impedance causes the S,, of dual-gate MODFET to shift over the frequency range from 5 to 19 GHz. This feature
toward the infinite resistance circle of the Smith chart. The makes dual-gate MODFET's very useful for applications from
output resistance of a dual-gate NIODFET at low frequency low frequency up tofT. The dual-gate MODFET with O.3-jtm
can be derived as gate length exhibits the same frequency dependence of power

Rd,= Rdl + Rds2 +gmRdsj Rds... (2) gains as shown in Fig. 5. Because of the improved perform-
ance from shorter gate length, the frequency for unity k factor

............ 01 fctl. :. (-,Cl *-~"' vl~l.riin is diqnlaced to higher freauencv. As a result, the - 12-01!
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INFLUENCE OF SUBSTRATE MISORIENTATION ON DEFECT AND IMPURITY

INCORPORATION IN GAAS/ALGAAS HETEROSTRUCTURES GROWN BY MOLECULAR

BEAM EPITAXY

D.C. Radulescu, G.W. Wicksa), W.J. Schaff, A.R. Calawab)and L.F. Eastman

School of Electrical Engineering, Phillips Hall

Cornell University, Ithaca, NY 14853

ABSTJRACT

GaAs/AIGaAs heterostructures have been grown by molecular beam epitaxy on

GaAs substrates intentionally oriented (tilted) a few degrees (0 to 6.5)off the (001)

plane towards either (11 1)A, (11 1)B or (011).: We observe that the 4K

photoluminescence and low-field electron transport properties of these structures

may be functions of the substrate tilt angle and tilt direction depending on

the concentration of impurities incorporated during growth. A substrate tilt

during molecular beam epitaxy is observed to have the largest effect on these

properties when the background impurity concentration in the molecular beam

epitaxial machine is high. This supports our contention that the observed changes

in material characteristics are due to differences in incorporation of defects and

impurities. The incorporation of defects and impurities are reduced by using

substrates tilted toward (11 1)A in comparison to nominally flat (001) substrates or

substrates tilted toward (11 1)B.

a) Present address: Institute of Optics, University of Rochester, Rochester, NY

14627

b) Visiting Cornell Lecturer, permanent address: MIT Lincoln Laboratory,

Lexington, MA 02173
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I. INTRODUCTION

The substrate misorientation from nominally (001) during molecular beam

epitaxy (MBE) has recently emerged as an MBE growth parameter which can play

an important role in determining the quality of AIGaAs/GaAs heterostructures.1 - It

has been shown that the morphological, optical, and electron transport

properties of these structures can be improved if they are grown under specific

conditions on GaAs substrates which are intentionally misoriented (tilted) from

nominally (001) in a correct manner. 1-5 However, the role of the misorientation

in reducing the defect and impurity concentrations in these structures, in addition

to the identification of the defects and impurities which are effected by a substrate

misorientation during MBE has not yet been investigated.

The effects of substrate misorientation and background impurities on the two

dimensional electron gas (2DEG) transport properties of AIGaAs/GaAs modulation-

doped quantum-well structure have been investigated.5 In general, (001) substrates

tilted in the (11 1)A direction during MBE growth improves the quality of GaAs

grown on top of AIGaAs (inverted interface) and consequently improves the 2DEG

transport properties of modulation-doped quantum-well structures. An

anisotropy in the 2DEG mobility 5,6 was observed and attributed to interface

scattering at the inverted interface. The 2DEG mobility was observed to be highest

with the carrier transport in the [110] direction and lowest in the [T10] direction,

while intermediate directions had intermediate mobilities. The degree of

anisotropy was related to the thickness and growth parameters of theAlGaAs layer

grown just prior to the inverted interface,to the misorientation of the substrate

from nominally (001) and to the background impurity concentration in the MBE

machine. It was suggested that impurities and/or defects introduced during MBE

growth of AIGaAs are the origin of the anisotropy in electron transport.

=OA
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In this paper we use 4K photoluminescence (PL) to investigate the influence of

an intentional substrate misorientation on defect and impurity incorporation in

AIGaAs/GaAs heterostructures. 77K Hall effect measurements on the structures

reported in this paper have been previously published.5 These 77K Hall effect

measurements in conjunction with the present PL data clearly shows that there is a

preferential incorporation of impurities/defects which form complexes during MBE

growth of AIGaAs. These complexes are observed to give rise to the anisotropic

2DEG transport previously reported.5 The concentrations of these complexes are

observed to be a function of the substrate angle and tilt direction in addition to

the background impurity concentration in the MBE machine. We suggest that a

primary effect of substrate misorientation during MBE growth of AIGaAs is to

alter the concentration of impurity/defect-related complexes.

II. EXPERMENTAL

The epitaxial layers were grown by MBE in a Varian GEN II machine on

undoped liquid encapsulated Czochralski (LEC) grown GaAs substrates. The

substrates were cut either 0,2,4 or 6.5 degrees t j.25 degrees off the (001) plane

towards either (11 1)A (gallium face), (11 1)B (arsenic face) or (011). For each

growth run three to five substrates with different orientations were mounted side

by side, using indium, on a molybdenum mounting block. The substrates were

rotated during growth at 7 revolutions per minute. The substrate temperature

during growth was 620 degrees C and the growth rate of GaAswas - 1.0 Pm/hr. The

aluminium mole fraction for all structures was - 0.3. The surface reconstruction

determined by electron diffraction during growth of GaAs was an arsenic-

stabilized c(2x8) mesh. The V/ill beam equivalent pressure ratio determined by an

ion gauge in the growth position was 7 to 10. The same arsenic flux (As4) was used

for both the GaAs and AIGaAs growth.
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The superlattice-buffered modulation-doped quantum-well structure shown

in Figure 1, wa , used for this study. The GaAs buffer is followed by a 500 A

graded composition Al.GalxAs region (0 < x < 0.3) to minimize the contributions

of an unintentional 2DEG at this interface in the transport measurements. The

thickness of the GaAs in the superlattice bufferLGSL, was either 5 or 15 A. A

quantum well of 150A thickness was chosen for this work so that the wave function

of the electrons in the 2DEG would strongly interact with the inverted interface and

be very sensitive to the quality of it. 6 A 75A undoped Al0 3Ga0. As spacer was

followed by an atomic planar doped electron supplying layer. During the silicon

deposition for the atomic planar doping, growth was suspended for 41- seconds

with only silicon and arsenic impinging on the substrate to accumulate 6 x 1012

silicon atoms per square centii.,eter.

The 2DEG 77K mobility in a single heterojunction wide (200A) spacer

AIGaAs/GaAs modulation doped structure was used as a measure of the MBE

machine residual background impurity concentration.7 A mobility of <100,000

cm2N-s is considered low, and is indicative of a high level of residual impurities.

Mobilities of 100,000 to 150,000 are intermediate and indicative of a moderate

level of residual impurities and mobilities in excess of 150,000 cm 2/N-s are obtained

when the system is relatively clean.

Growth runs LP1, LP2, and LP3 were performed when the maximum 2DEG 77K

mobility which could be achieved in the MBE machine in single heterojunction,

wide spacer (200A), AIGaAs/GaAs modulation doped structures was only - 95,000

cm2N-s. During the time the growth of HP1 was performed, mobilities in excess of

200,000 cm 2 V/s could be obtained in the MBE machine. During growth run LP3 the

flow of liquid nitrogen into the growth chamber liquid nitrogen shrouds was

intentionally reduced such that it was insufficient to keep the shrouds at 77K. The

purpose of this was to enhance the impurity effect by intentionally increasing
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the background impurity concentration in the MBE machine. Growth runs LP1,

LP2 and LP3 are considered to be "low purity" growths, while growth run HP1 is

considered to be a "high purity" growth. Table I summarizes the growth runs

presented in this study.

Photoluminescence measurements were performed at 4K using the 6328A line

from a He-Ne laser with an excitation power of 0.5 W/cm 2 and a spectral resolution

of better than 0.1 meV. Care was taken to ensure that PL intensity comparisons

could be made between structures of various orientations for a given growth run.

Van der Pauw-Hall measurements were made using cloverleaf patterns and a square

active area with edges aligned along the <110> cleavage directions. These

measurements were made in the dark at liquid nitrogen temperature in a magnetic

field of 2kG.

Ill. RESULTS

Figure 2 shows 4K PL in the spectral region of the AIGaAs bandgap as a

function of substrate tilt angle towards (11 1)A for growth run LP1 . Growth run

LP1 has a superlattice buffer composed of 5A of GaAs and 200A of AIGaAs. The PL is

from the AIGaAs in the superlattice buffer. The shape of the PL spectra is

observed to be dependent on the substrate tilt angle. The broad PL emission band

far below the band edge at - 1.85 eV fer the nominally flat (001) substrate is

attributed to a defect/impurity-related complex.8' 9 This band is observed to

vanish at a substrate tilt of 4 or more degrees. This type of PL will be the only

feature in the PL spectra from the various growth runs which will be

discussed/characterized in this paper. 77K Hall data determined using the van der

Pauw method 5.10. ' are also included in the figure. Since the mobilities are

anisotropic we define a geometric mean mobility V-P, I 01•ilT- and a

mobility ratio (pjIl0/r,,j) to characterize the conduction in anisotropic systems. As

seen in the figure since the mobility ratio is not equal to unity, the 2DEG
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transport is observed to be anisotropic5 , 6 The anisotropy also decreases as the

substrate tilt angle increases. We also note that lower 2DEG mobilities are always

observed in films that exhibit broad defect/impurity - related PL. The data of

Figure 2 show that the broad PL disappears as the substrate is tilted a few degrees

off (001) towards (111)A, a corresponding increase in 2DEG mobility is also

observed.

Figure 3 shows the 4K PL spectra of the GaAs multiple quantum wells in the

superlattice buffer of growth run LP2. The superlattices in growth run LP2

have 15A of GaAs wells compared to the 5A wells in growth run LP1. The substrates

were cut 2 degrees off the (001) plane towards the (11 1)A, (111)B and (011)

directions. We observe that the multiple quantum well PL is a function of the

substrate tilt direction. The broad luminescence between 1.72 eV and 1.79 eV is

attributed to the same defect/impurity-related complex observed in growth run

LP1. The incorporation of these states progressively increases as the substrate tilt

direction changes from (11 1)A to (011) to(1 11)B. The PL intensity from the

superlattice buffer grown on a substrate tilted toward (11 1)A is a factor of 3

larger than for that grown on a substrate tilted towards the (111)B direction.

The Hall data indicates that the 2DEG mobilities are also higher for layers grown

on substrates tilted towards (11 1)A rather than towards (011) or (111)8,

consistent with less impurity/defect luminescence seen in the PL data. The fact that

the mobilities in Figure 3 are higher and more isotropic than the mobilities in

Figure 2 is related to the thickness of the GaAs wells in the different superlattices.I 6

Growth runs LP1 and LP2 show the influence of the substrate tilt angle and tilt

direction, respectively on defect/impurity incorporation. Growth runs HP1 and LP3,

to be discussed below, show the influence of a low and high background impurity

concentration in the MBE machine, respectively, on the effect of a substrate tilt

during MBE growth. The 4K PL spectra from the superlattice buffer of layers



7

grown when the machine impurity level was low are shown in Figure 4 for growth

run HP1. The layer structure is identical to that of growth run LP2. The only

difference between LP2 and HP1 is the level of residual impurities in the MBE

machine at the time that the growths took place. Run HP1 was grown when the

machine background impurity level was low and consequently the layers are

expected to be of higher quality than those of run LP2. The broad defect/impurity-

related PL which was observed in LP2 is non-existant in HP1. The data show that

substrate misorientation for growth run HP1 had only minor effects on the emitted

quantum well PL. As a result, the data from growth runs LP2 and HP1 indicate that

"broad" PL comes from defect/impurity states and that impurity incorporation

during MBE does depend on substrate orientation. The Hall data in Figure 4

indicates that the mobilities are significantly higher than in growth run LP2 (Figure

3) indicating that the material is of higher purity. In addition, no anisotropy in

2DEG transport is seen. The data also indicates that there is only a slight

dependance of 2DEG mobility on substrate orientation , consistent with the PL

data.

From the above data, it is clear that impurities are needed to produce the

defect/impurity related PL, the decrease in 2DEG mobilities and the anisotropy

in the 2DEG mobilities. In an attempt to enhance this effect growth run LP3 was

performed with the growth chamber liquid nitrogen shrouds not fully cooled

(>77 K) thereby intentionally increasing the background impurity concentration in

the MBE machine. The structure for the LP3 layers is identical to that of LP2 and

HP1. The 4 K PLspectra as a function of substrate tilt angle towards (111)A is

shown in Figure 5. The defect/impurity-related PL at - 100meV below the band

edge is observed in all of the spectra. The relative luminescence intensity of this PL

peak, however, still decreases with increasing substrate tilt angle. The impurity

incorporation throughout the layers is however, over-shadowing the effects of
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substrate misorientation, but the tendency toward less impurity incorporation

with increasing tilt angle toward the (11 1)A direction is still evident in the PL and in

the transport data. The 77K Hall data in Figure 5 shows an order of magnitude

reduction in the 77K mobilities from that of layers in HP1. Note, however, that

significantly larger mobility anisotropies exist than previously observed, further

confirming that impurities and/or defects introduced during MBE growth are

the origin of the anisotropic transport.

IV. DISCUSSION

Growth runs LP1 and LP2 show the influence of the substrate tilt angle and tilt

direction, respectively, on defect/impurity incorporation in our AIGaAs/GaAs

structures. In addition, growth runs HP1 and LP3 show the influence of a low and

high background impurity concentration, respectively, on the effect of a substrate

tilt during MBE growth. The major effect of substrate misorientation during MBE

growth on the optical properties of AIGaAs/GaAs heterostructures is that the broad

defect/impurity related PL emission far below the band edge is a function of the

substrate tilt angle and tilt direction. A careful comparison of the magnitude of

this emission peak with the magnitude of the mobility ratio (Ill 1 0 /P1 lTo101) for all

growth runs indicates that whenever the anisotropy is large, the PL height of this

broad peak is also large. This trend is illustrated in Figure 6 which plots the

height of the defect/impurity-related PL peak versus mobility ratio, Jl110iPT[i 0l for

growth runs LP1, LP2 and LP3. The main point of Figure 6 is to show that for a

given grov.-th run the mobilities become more anisotropic as the height of

the defect/impurity-related PL becomes larger. As a result, it is very probable that

the defect/impurity which gives rise to the mobility anisotropy is the same

defect/impurity which gives rise to the defect/impurity related PL. It is reasonable

to conclude that the defect/impurity related PL is likely related to a "complex"

since an isolated point defect or impurity even at high concentrations would not
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exhibit such a broad PL spectrum. In addition, the electric field distribution

around a point defect is spherical whereas that around a defect/impurity complex

would be elongated and as a result an anisotropic electron scattering cross section

would be expected. Since the 2DEG mobilities are always greater in the [110]

direction in comparison to the [110] direction, the defect complex would have to

be elongated in the [110] direction. It is interesting to note that "defect pairs"

preferentially aligned parallel to this same [110] direction have been used to

explain the observation of polarized PL from undoped MBE grown GaAs.12

The observations cited in this paper are summarized below:

1) Broad defect/impurity-related PL, low 2DEG mobilities, and mobility anisotropy

are only observed when impurities are present during the MBE growth of the

layers.

2)The incorporation of defects/impurities decreases using (001) substrates tilted

towardsthe (11 1)A direction and increases using (001) substrates tilted towards

the (111)B direction. For tilt directions between the (11 1)A and (11 1)B, suchas

the (011) direction, the defect/impurity incorporation is intermediate between

these two.

3) The observed anisotropy and defect/impurity-related PL is growth temperature

dependant and disappears at growth temperatures greater than 6800 C in the

growth of AIGaAs.6' 13

To explain these results we postulate that tilting the substrate towards the

(111)B direction exposes surface sites which have a high affinity for defect/impurity

incorporation. Tilting towards the (11 1)A reduces these sites. The sites appear

to incorporate complexes which are uniformly aligned to give anisotropic

electron scattering centers. Because of the correlation between the magnitude

of the broad defect/impurity related PL and anisotropic electron mobilities seen in

Figure 6 it is reasonable to conclude that the defect/impurity-related PL is



10

likely due to a "complex". The suggestion that the broad PL emission far below

the band edge is related to a defect/impurity complex is consistent with the

observation of other authors. Mihara et. al.8.9 have systematically studied the

effects of aluminium mole fraction, growth temperature and V/ill flux ratio on the

PL proper-ties of MBE grown AIGaAs grown on nominally flat (001) substrates.

They have suggested that the defect/impurity complex is closely related to a

carbon impurity paired with some other type of defect or impurity. They have

studied the defect/impurity complex emission as a function of aluminium mole

fraction and have pointed out that the emission occurs in the 1.471 eVto 1.491 eV

spectral region for GaAs. Briones and Collins 14 have observed that the

defect/impurity complex band in GaAs can resolved into nine distinct peaks. They

have suggested that the defect/impurity complex band is related to carbon

impurities paired with some other impurity or defect. Of the nine distinct peaks

in the defect/impurity complex band some complexes were attributed to a

carbon impurity paired with an arsenic vacancy while others were attributed to a

carbon impurity paired with a gallium vacancy.

The improvement of the quality of MBE grown AIGaAs on (001) substrates

tilted towardsthe (111)A direction has previously been reported.1 4 In general, it

was found that the PL spectra and surface morphology are degraded when AIGaAs

is grown on nominal (001) GaAs particularly at low growth temperature and high

As 4 flux. Some improvement in AIGaAs quality was observed as the substrate

temperature was increased and as the As4 flux was lowered but the major

improvement occured on the tilted substrates. The critical angle of

misorientation which produced the smoothest morphology was 6 degrees off (001)

towards (11 1)A. In the study of the effect of tilt angle on the mobility of the 2DEG

in modulation-doped structures' an optimum tilt angle of about 4 degrees towards

V
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(11 1)A was observed. The optimum substrate angle for growth, if one indeed

exists may depend on growth parameters and environment.5

It is tempting to say that the migration length of Al ad-atoms on the step

terraces formed by the tilted substrate plays a significant role in determining

the crystal quality. There is no reason to believe that step terraces formed by

tilting the (001) substrate towards the (11 1)A would differ from those of (11 1)B

tilts. The difference lies solely in the step edges. Substrate tilt towards (111)A

exposes gallium-type step edges (gallium dangling bonds) while substrate tilt

towards (111)8 exposes arsenic-type step edges (arsenic dangling bonds). 5s 16 To

explain our data the sticking coefficient of impurities to arsenic-type step edges

would have to be higher than the sticking coefficient of impurities to gallium-type

step edges. The sticking coefficient to nominally flat substrates would have to be

intermediate to arsenic-type and gallium-type step edges. Early reports on the

growth of GaAs on (11 1)B GaAs substrates showed poor surface morphology, poor

PL and poor electronic transport properties.17 Wang et. al. 18 have observed that

impurity incorporation during MBE growth of GaAs was a function of the surface

orientation when comparing (001), (113)A and (113)B surfaces of GaAs. Vina and

Wang 19 also recently confirmed that GaAs grown on exactly (111)B oriented

substrates (even with 1 x 1018 cm 3 doping) was highly resistive. They however

found a significant improvement by tilting the (111)B substrate 2 degrees towards

the (001) direction. In addition, Ranke et. al.20 have studied oxygen adsorption

on a cylindrical GaAs sample which exposed the main low index orientations (001),

(11 1)A and (11 1)B as well as their vicinal surfaces. They observe higher oxygen

adsorption rates on vicinal surfaces cut off (001) towards (11 1)B in comparison to

vicinal surfaces cut off (001) towards (111)A. They also observe the amount of

adsorption to be a function of the angle of tilt (0 to 20 degrees) about (001). It

seems clear that dangling bonds and/or vacancies on the (111)B surface are
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where the major defect/impurity-related complexes are generated and that these

complexes are least generated on (11 1)A surfaces. Because of the temperature

dependance, As 4 flux dependance and tilt angle dependance it would appear that

the Al migration also plays a role. The low migration of Al would be expected to

create Al vacancies where defect/impurities could be trapped. The molecule CO

usually found in MBE growth chambers at detectable levels has a dipole moment

which may attract it to the Al vacancy in the highly polar (11 1)B surface. N2 also

has a strong dipole moment and may be incorporated. It is interesting to note

that these molecular defects would be electrically neutral but would create

anisotropic stress centers. Clearly more work is required to identify the

defect/impurity complexes resp -.,ible for the many observed effects.

V. CONCLUSIONS

The effects of substrate misorientation from (001) and background impurities

on the PL and electron transport properties of MBE grown AIGaAs/GaAs structures

have been investigated. Broad defect/impurity related PL, low 2DEG mobilities

and mobility anisotropy are observed only when impurities are present during

MBE growth of the layers. The incorporation of these impurities/defects decrease

using (001) substrates tilted toward the (11 1)A direction and increases using (001)

substrates tilted toward (11 1)B direction. For tilt directions between (11 1)A and

(111)B, such as the (011) direction, the impurity/defect incorporation is

intermediate between these two. A correlation exists between the magnitude of

the broad defect/impurity related PL and anisotropic electron transport

suggesting that the PL emmision is from a "defect/impurity complex" having an

anisotropic electron scattering cross-section and not from isolated point defects.

As a practical consideration the data herein clearly indicates that less background

impurities will be incorporated on (001) substrates tilted 4 to 6 degrees

towards the (11 1)A direction in comparison to nominally flat (001) substrates.
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Figure Captions

Fig. 1. Layer structure of the superlattice-buffered modulation-doped quantum-

well structures grown on misoriented substrates.

Fig. 2. 4K PL spectra as a function of substrate tilt angle towards (11 1)A for growth

run LP1. 77K geometric mean mobility (V'1jl 10 j1.l[lol)and mobility ratio

(vl~lllt61oi) are also shown. The PL is from the 5,OOOA thick superlattice (5A

GaAs/200A AIGaAs) buffer while the transport is in the 150A quantum-well

of a modulation-doped superlattice-buffered quantum-well structure.

Fig. 3.4K PL spectra as a function of substrate tilt direction for a (001) GaAs

substrate cut 2 degrees off the (001) plane for growth run LP2. 77K

geometric mean mobility (.'ili1 o0 ity 101) and mobility ratio (p[11ol/i,-0, )ratio

(pt,101/p LT1]) are also shown. The PL is from the 5,OOOA thick superlattice

buffer (15A GaAs/200AIGaAs) while the transport is in the 150A quantum-

well of a modulation-doped superlattice-buffered quantum-well structure.

Fig. 4. 4K PL spectra as a function of substrate orientation for growth run HP1.

77K geometric mean mobility (/V'il0n>jT 0) and mobility ratio (il 01/1l 01) are

also shown. The PL is from the 5,000A thick superlattice buffer (15A

GaAs/200A AIGaAs) while the transport is in the 150A quantum-well of a

modulation-doped superlattice-buffered quantum-well structure.

Fig. 5. 4K PL spectra as a function of substrate tilt angle towards (11 1)A for growth

run LP3. 77K geometric mean mobility (/.'l±l0]lTp0 I) and mobility ratio

(11 101/1IT10t) are also shown. The PL is from the 5,OOOA thick superlattice buffer

(1 5A GaAs/200A AIGaAs) while the transport is in the 150A quantum-well of a

modulation-doped superlattice-buffered quantum-well structure.

Fig. 6. Defect/impurity-related PL peak height at 4K versus mobility ratio (iil 101/11(-101)

at 77K for the growth runs indicated. The PL is from the 5,OOOA thick
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superlattice buffer while the transport is in the 150A quantum-well of a

modulation-doped superlattice-buffered quantum-well structure.
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0 _ _ _ _over most of the operating frequency range. Dual-gate
MODFET's are very promising for millimeter-wave circuit

14 - CIJ wn appliances such as gain control blocks, mixers, and active
& ,SGAU O F phase shifers.
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